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µ 	 G l2Ç/?�L=@�p7J 0 91@W#&q�i:-�j
(DSSD) c¡� a8ÈKÉ�Ê ��Ë�Ì:p.J�q$9LJ,¤�¥~BÍKÎ�Ï(Q�i
Ð�0eS `�cDd ��ÑÓÒÔÍ.}�\ � q o ¿/À GÕ AeÖ `/a T,1 DSSD l�×BØ�U È#d ��Ç	?
Ù ��Ú ` x 10  �"Ûx 100 ÜWÝ�JK>&\!Í�XzÞ:-,ß3cà�HáY�)3J 8 &@Í�d
-8â�©=M¡=�>I\�? � c1^
ã G u�vW¯3TT35M Q�ZfY	T�iO-�j,Z�U7T�1 É�Ê ��Ë�Ìnp.J
q$9eJ2¤T¥�~ G DSSD c,� a TY^�Ù8� DSSD c°x 10 Ø s!ä�` ���T¯3T�35M G�b T�Í�ZB��x 1000G5o°å�æ Ü@Ý7J�>W\T 7"YÍ&X�Þnc¡ç
C G )(+5-/¯zè t Q�U7T21�4 È ��)5+5-�ÖÔé@Í�X�Þ�ê�nOl5p
JWq 9eJ�¤W¥�~%Í�uv � y G(oÔë8ì c cHI�í ¯ È �B� DSSD �8Í o Í G A�î ` )(+5-�Ö/L 0 E�PÍKïWð o]s
t Z�U�T,1h0T" G,µ 	 q ÍKÎ
Ï=c ª î È ^8Ù��	),+.-�Ö2L 0 EP G l,ñ�ò1G%óB�%ô%õ��ö�÷ ��ñ8ø�ù
ú�ß��
û/v
ï���ühÍ2f�jrM,Í,ý � b�þ�· M a m È3o Í oÔt8ÿ 0�SUT�1���Í È �B�%kw DSSD M]Ù �
Ú `Bµ 	 Î�Ïnc ª�� Ö È ),+7-�Ö�L 0 E�P�Íz¿BÀ oÔÆ �#"CS `�a T21É�Ê ��Ë�ÌAp�J&q 9 J,¤T¥�~&Z.l,�BP�� G Ë � ÍzÜWÝ�JK>1\� �"¡Í�XzÞ=c_ç�C G )7+.-/¯ È �/�� â�ã��8U È�d¡G�� " S3T14 �72 o
	 � b m M b T�1���Í È �/� � " S È 4 �72 c µ 	 p�Í2ü@Í¨!© G��� ¯(T G l,ç8C b�� X��/&,QBè t M b T21�� � Í µ 	 Z7l2� µ 	 K5MN��Î
Ï�¨�©UK5M G� b m È�� X����,Q��8weÖ `�a�È8È �B�T¿BÀ_���Í���_����Ap�� � Í"!8����X�#
ï@Í2ñ3k b#� Ma m È�u2v Q�$&% `�a�È 1#32Í IW³�b�u�v c('�¿8¯(T È �B� µ 	 p/ZTÍ�¨�©)� � X����[Í"*T×.Qª î�"*S%�,+�w SpaceWire M¡¦�§WS(T-*�×.����Í"/v�0�1�2@< GKÆ �#"43)5�68721 SpaceWire 9
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ç�C�� ����� ��î�7�× ��� ���
	���hÍ�ô
õhÍ�¨�©� 7"�.��8¨�©B�����8J��
¨�©�� � U�"Ô\�7Y¨©��8Í ����G :�� ��� 7¡ý � ï � ���"5�687�1��NÄ� #"�� JAXA/ISAS
��� Å G SpaceWire Í��

��/�� G Õ A Ö 5 c d � NeXT
µ 	�� 9 SpaceWire Í! T�80�"�Ð#0�3)5)6�7�1���Í È �B� NeXTµ 	 G Î8Ï�0�3 7K.��8¨!© G 9 SpaceWire

q Í,:�� 0 ÿ ��" 3�7,1
1.2 #%$'& (*)µ 	 G Î�ÏD0�3�7 É8Ê ��Ë�Ì,+-	/. �0	2¤T¥�1%Í!2�+ G 92� É�Ê ��"4365�7�8 � � � �@��Í!9: 3�Ö/L���;�<=�0>�?-@ � U87�1���Í È �B��"
3A5T¿zÀCBED
ã G 9 : 3�Ö�L,�F;�<�Í2½8¾8�W¿BÀ
� Æ �.5�� � è t 0�U)7K1�Ö¡ hÖ0��0�"�� DSSD Í IT³ ��P�� G Ë�ÜWÝ�	�>HGTÍ � Þ
3,ß � �
� È
"�365F9 : 3!Ö�L��F;�<8ÍI2�+�96J�K � 9L� � �A"�365��%Í��2Í�ÍIM�n8�AN�OFP�ï � �!9 : 3WÖKÍÈ ��Í�Q�R M�S0T   ��U
�[��Ö�5L9 : 3T0�3 ÈLV �-W � ê�n�¯ 7 È ��Í V�X�Y W G8��UZ� � ��[\Z] GA^ 7I_�`�a=b!c�d�e�bF�Hf�g 0�h�ijBE�Z��5lk 7Amon-3lp ��q 5Hr�sut 7�v�9"��6�w�x�0
h�i �-y 7�z�{/cF|�}�~ � 9!����c DSSD �H9 : 3Z�/����;�<������ �0� {�7/�uvAh�i��/cF���� "43A5��!�u���-	H��G�9 : 3��!�!N�O�f�g�c�N�O�d-e��6r�s �Z��� tHm�����zF{-v!c DSSD �
"
36M�`-�4+�	�.C�0	!�-��1F�AM�`�c����
�H�-����	!��G�9 : 3��H�L��;�<�����;�<uvL�)6�5H`� ��cL����k��� ,¡ 3-z 4 cm DSSD �E¢=£L¤�¥ �E¦ �Hz/m-�Z�-5�c-x��6�lk§�� o¡ 3 7�¨����I�
� 6�9 : 3��H�L��;�<-�A©�i4v���ª�«/` � �¬cF�C�Eª�9 : 3��H�L��;�<-�6¢�£L¤�¥�vA�®�z�m4¡
pEv!c�����9 : 3��!�L��;�<�¯�°�±=v6²�³�¡6´�µE¶�·
v6¸�¹*�Iº-»/´�¼�ºop0º�ª�zF{�c�°�±�¤�½
�6¾�¿�x!À�Á�Â�Ã�Ä�ÅZ½ y µ SpaceWire vL��ªF«�Æ�Ç4È ¦�É zHmFÊ � b�v�ËAc SpaceWire vI¸�¹
�6zHÌuÍ-Î��H�/�FÏ�Ð��L�/�4È � {uµ/¤�½HhFiÒÑ�ºuµ!ÓLÔ�Õ���½ y µ FPGA ÑÖcF×ZØCÙÛÚLÜLÝ6Þß�àFá ½ y µ VHDL �Iâ�ã=È�r�s�tZµ�z�{!c SpaceWire È¬²�³l�6z ADC ä�Ø*Ùå¤�� FPGA vIæç v!è�é��6z�êHë�È�ì�íZÍ�c-îFï����Z�uð6��ïZÝ�ñZòLÕ/ó=È!���l�Az/m
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�
2 � DSSD

2.1 ������� �
	
X �������ðIî��4È��
ÎHtZµLvFË!c��
v���ð�����Ø����!ð��
Î��lÑ ��� � �=Î��u¯��-ªop�´Zµ6m
�-ðE���ÛØ����Að �
Î��*ÑEË!c CsI � BGO º"!�Ñ0ª É z6_$#���%'&)(�v+*$,$�u¯/ -,��AzL�/c.*,/�ÒÑÖ_$#ÒÑI��0$1�Æ2��v�3�45%6&F¯.7/8,ÈE�ut�µ-nuÑ!È+92� �!z:�4Î:�u½ y µ!m;7$8=�;<=¡/Ë*$,=���:> É z@?���ï�A�Ø�v:B-C��¬c.8$D-E$F$G=H (PMT) �JI=Ko� L/Õ.MuØCÙ (PD) ºN!HÈ+�-ª
«.D$O�Ã-P4v:Q/R�¡I´�µ!mZ��ðE�S�0Ø��"�!ðT�=Î:�ZË/UWVYX�¯�Z\[Hª�ÑEª É z:9=]oÈ_^Z��¯Lc`?
�/ï6A�Ø�a � X�Ë y=b 4dc kÖº�ª�m
��� � �4Î:�ZËHc
�Ne:f�ð��`gLï-î/h=Ú6Ð�º"!/È+��ª�z��4Î���½�c
��ðE�
�0Ø��i�Hð �=Î���vB=j�«.cZª/?��Lï'AFØ:a � XZÈIs=µ-n-Ñ0¯�½6[�µ!m���� � �=Î���Ë p k���� � Ñ n k���� � ¯Wl

·l�!zmLLÕ;M�ØÒÙ ��n/o,È+^ É «=pq4 c-l�·$r=s=v�Ë2t���e0Ý�¯2u4Ñ�vi!xw=yl�6º�ª�z){/|ÒÑ�}
¼/´�µ�~/��¯ y µ!m@z={/|=v�*),=�u¯� $,�tZµ�Ñ�c X ���Y�
ðIî.���A¶�·�v�Ë:�4Î������$#ÒÑI�
x�v�8/D��:��cYf�ð����Ûð��$��c:D/E�¸@�$��� 3 �/����0@1�Æ=��ÈT� n0tHm�n�´�p���0-1�Æ$�Zv`34��/�=#�(����$�=D/E�¯=?��Lï6AFØuÈ��=»=Ñ!µLº"!��I«W�'?��Lï6AFØ��WD/E�¯/Æjp¬´@�,nH�:��?
�Hï'ALØ�D@EZ¯�z${-|"�/v�D@E����-��¸=ÈT�$�-tuµAm��$�o¡E´�z:D@E����-��¸=È_D/��Ã;PÒÑL�0«:�4EÎ�t4nuÑ6v�3'4�� X �u�Y��ð6î��oÈ+�=Î�tZµunuÑ�¯�½6[Fµ!m4n���3Y�6v:�F��� � �4Î:�u½-ËWz{-|Z¯�*=,=�����4Î�~$�ÒÑEº�µAm�ÁL¸
�:D$E����$��¸oÈ_�)��tZµF��vAh�iZº$?��Lï'A�Ø�Ë��=�Nef�ðI½�Ë�p�3!� 3.65 eV ½ y µ6m����Fz�{��W��Î��2�op6Î��=¡E´Zµ_D$�/�ZË:��Î����!½W>)��´�z�*,/�
�-?��Lï'A�Ø�v�B/Cut�µ!m�z$�����,n/� b$b �6�= �½-Ë:�S¡!z:D$E��¢�=��¸Z¯W£)¤-�@¥=%�·
v�3645¦=§l�0��tCk¨�-D)�)�-©�¯-ª$« q v�º
4 ��t�ª�m b z��/z={=|
�:¬ ¡A¯;�{�«.®�¡
k¨�-�
Î+����^u��¯$D=°-�u¯WZi[�k�º-µ�z�{W�/±�¿:Fm²;��v�l=³��Az
Ñ�[/��´/µ/¶/·�¯W¸/¹
v�º kÖº�µAm
�unA½;�FÂ)¹���� � �4Î��
v�ËmLLÕ;M�ØÒÙ¬È�»�ÔZÕ�Ý���t�µ�¼'½��:D=¾oÈW�u»L«�¿)�-t�µAm@»�Ô
Õ�Ý���ÈW�u»�µunuÑ6v�3'45�4Î��i�Lv�ËI�=z�ºWD�¶Z¯��q¡ ��t���e�Ý�¯�D==À
v:Á=Âl�I«�z){/|
¯W¬ k�º�4Ã¯=D)°$��¯.Ä=Ål���-*=,$�=vY364Ã�S¡!z:D$EÆ�Ç�=��¸oÈ_Èu�`��v:a/É2�$�/©�ÊZµmË-Ñ
¯�½J[Lµm3`��ÌLº�µ�ÍmÎ 2.1 ÌI��� � �=Î����:Ï/ÐoÈ_ÑYÊ�Í
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p �

n �
�����

�����

	�
���

Î 2.1: ��� � �=Î����:Ï/Ð

2.2
 ������� ������� � ��	

2.2.1 �������� "!#�%$'&)(+*-,�.0/�1
2 e�f-ð43+5We76:���4Î�� (Silicon Strip Detector: SSD) Ë:�98�Ñ78-Ñ;:$È)�%<>=@?�a%AZ½)BC7D EE?��=Î7?%F-G)ÌIHKJMLI´NFPO)?L½#Q�µ�Í SSD Ë�� n k@? 2 e:f�ðFÚLÜ0×�Ø-R2ÌSB#T7U@? p+~-�,È4V2j'FWOK?F½.�YX7Z[?]\%^E_YLLÕ;M�ØjÙ�Èa`$��b �dc�´'e�´N?mL�Õ@M�ØÒÙgf�æ0hib]F��=Î�lÑ�bajKkml ÍW*=,$�6Ìm3 É j��=�MLE´PF�D/E � �$��¸E?��4n��.�/�WfEO É ÑIOxs@_ p+ ~/�JÌ:�©oL6´�µ�Í>3+5We-6��0?0p0quËrZ 10 s0Z 100 µm ½NQ-µ7F0G��-*2,$�d? 1 tNu-½N?]v�¹YwZ¿ZÈ_�

_yxYzZ½){Y|P}J[-~�Í b F:� SSD ?'OY�;�#�#?�¶0���7b4j��/�/È>�%�$·'f#QY�[���@~:Í7�/kd���
300 µm ¬d? SSD ?4�#�$�Ec0? deadtime � 30 ns �0zW}����%�I3%��6I� 2W� �����P�;Ì>�4�mÊW~È�Ly}>QN~�Í

p+ ?-3m5K�-6y�-�Y�-}>��l¨�Ec�?] =À�Ì n+ ?-3+5y�76)�Y¡a`Y¢�brF@O)?P¡a£%¤%¥ 2 �]¦ � 3
5K�-6y�r§�¨]© (Double-sided Silicon Strip Detector: DSSD) �aªY«Y}Y_'~:Í`Î 2.2 Ì DSSD ?¬� �7�K®�¯�¡TÑ�ÊWÍ

Al

P+

SiO2

p+ strip side

n+ strip side
Al

n+

SiO2
p+

n-bulk

Î 2.2:
¬% �0�y¤%¥ 2 �r¦ � 3�5K�I6)�S§�¨4©E?r®%¯ [11]

Î 2.2 °M�²±P°P~P³N´�Ì]£ n µP3m5)�K6y��� p µP3+5y�I6y�d�a¶y·P¸W~#³'´S¹4º@»WL4�>jY_N~y¼
DSSD }#�r½0¾�¹4:W¿K£ n+ 3À5K�K6]�-})Á0ÂM¡SÃ7ÄibÅ£-ÆYÇ%ÈE?rvY�0w'»'¡ 2 t#u#})É�~PÊ#�Ëf
}@Ì�~r¼
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2.2.2 ��� �����
�	�	
 §[¨]©d¹�������73W¡K°N�#~E�;£�Z nA �>zd?����>°Y�KÁ��Wf��N�E~]¼�Ê)?yÁ	��¡[�S�
��Á	���aª��-¼�������73>� p �	���À� n �	���E?! #��¥W°��;X�Z#"�$[�%�N¡�&NÌ(''¸*)�+#¹-°
°�,)j>_P~IfI£�-�.0/�"	$[�1�%��&PÌa�i´�2�3K£� >��¡14@¿�5KÁ	��6*�P�@~y¼72	809�£�:�;oÊ</=�> ¹P³7~aÁ	�@��?A@�B £�C	DW�o�Ë�P��Á	��E[¹-�'~#Ê#�r�	FK�Y}�G>~y¼
�Ë�P��Á	�0/�H	D@�JI�K	EE�)£�L�M�NPO�/]Á0ÂRQ ½Y¾�S0/!T�U	VE¹W³-~�WJ/�}�GN~]¼*T	U�VP@

��2]Á�Â�X-½0¾76�Y�Z<[]\-�	\�$_^r�%¡%4W¿�5J` ��a ¹cb�de9Å£)Á��76��N�'~r¼�F�2r£I§E¨r©W¹!fg � �E~ ����
�hji �!k	;d¹ml�n�o@�jW</�}�GP~�6I£�p����Y°P¹!q�r'¸W~�s�n�t[¹W³]u £�Y�Z�[
\-��\�$v^r��/	w7¹�xj2-��Y	ZJ[]\7��y�z76�{|B�}v~7£)Á0Â�Q�½%¾�¡%` ��a ¹�b�de9(X%¸�BJ9%5 g� Ê7��W@�Ë�P��Á	��¡1��X#¸ =]> �c� � ¼�T	U�Vd¹'³ � ���N�aÁ��j�!��od¹m��q�9�£��*�[¹

I(T ) ∝ exp

(

−E

2kBT

)

(2.1)

T : ��o
B : Y�Z<[j\7��\	$�^y�
kB : ��[���� ��� .

��� @m~ � ¼*T�U	VE¹W³ � ���P�SÁ��0�!�	oM¡<���J~��!�9Ì�B���-N¸ � 2�3I£0§[¨r©�¡c���]� ���� @�� � Ê�� ��� ±[¹m��}Ë¸[Ê��%6 � Ì � ¼i�a�#�SÁ��0�@ÊJ/��d¹�W�£�ÆYÇ%È[¹'³ � §[¨]©]/��  ¹P³�,J5��W¿ � Ê7�(6KÉ¡}¢~	5�£�u £0§d¨]©�/ ��  /�o�¤�¡ËÉ � />¹m¥�¦7{�Ê���W�G � ¼����
 §�¨]©���k�;[¹m?P@���§�¨�¡(©�´c2�3K£��Ë�P��Á	�[¹P³ �<ª�«�¬��® 6	¯�°d¹��eu±X>¸g ¼�F*2]£]§[¨S©W¹1 	²³@1~ ��´ »!�7µK©�/ ��� ¹7W_¶�·�¸�¡(¹]ºI¸EÊ��*W!G � ¼�»�/�2�3y£�� �
��Á	�]� � Ì ��¼ u�?½@ g Ê��16�¾³F�9 g ¼

2.2.3 ¿³À7Á½ÂjÃ�Ä�Å�Æ
����
 §�¨]©�/�Y�Z�[]\��]±	Ç�È7�y£�ÆYÇ%Èd¹W³�uÉK�Ê � Á�ÂËQ ½Y¾	Sj/m.0/!Ì�Í*ÎÏ}<Ð7�²Á

Â ª�«	¬ /7Ñ���ÒP¹m�	qP¸ � ¼���Sj/yÁ0ÂËQ ½Y¾�S�¡ � � /%¹!Ó�ÔA@m~ � Æ>Ç%È0/�Y�Z*[]\�Õ��
Á�'�Y	ZJ[]\�Õ ε �Ëª��J~-£ ´�Ö 9m2P³P´S¹�×��r¦	Ø�/cÙ	¤]��Ú 3.65 eV

� G � ¼yÆ0Ç%È�6JÛ#,�2
Y	Z�[]\�Õ#¡ E �Ë¸�~��]£<K>¢A@�~�2rÁ0ÂÜQ ½Y¾�Sj/�Ý�.j� E

ε

� G � ¼KÁ0ÂÜQ ½0¾�Sj/�KY¢76	Þ
�]ß	Ø�à�á � G � �_â � 9�2�Ù�¤Y£�ÁYÂãQ ½>¾	S0/�Ý�.�/]±	ä��mÝ	. E

ε
¹må¡9�B�� � ¼P9S°A9 £æ7ç ¹�è � @�~ � ±�ä�/mé0�'Êc~�³]u!W(?A@ g ¼�ÊJ/���~@¡�ê�ë'¸ � 2�3N¹	ì]íJÑ > Â F 6 ��î

@c~�5�£|u £
F ≡

Ì�Í�±�ä0/!ï�è�é
E/ε

(2.2)

� ��ð @1~ � ¼�ì7í�Ñ > Â0�	×0ñ]¦�Ø;§[¨4©�/mÙ	¤�Ú 0.1
� G � ¼W³*,�5I£JÌ�Í�Î¡}<Ð)¹���q#¸ �

Y	Z*[�\�Õr±	Ç�ÈE¡ � é�µ (FWHM)
��� ¸A�Å£
∆Estat = 2.355ε

√

F
E

ε
(2.3)
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�%� � ¼� ¹ ª�«�¬ /�Ñ*��Ò � G � 67£0F�� DSSD ����/ �	��
 §�¨r©W°½} ´ »J�]µ-© (CSA) F � /
å�� ª�« ¡�� 2.3 ��� 2.4 ¹	�W¸K¼�ÊYÊ � £ Cd �)§[¨y©j/�
�{��� � G � ¼ DC

h ¤|�m�y§�¨r©
� CSA �K¶m � �²P¸ � )�� � £ AC

h ¤��#¦�Ø���Ø����¢:�915y§E¨r©e� CSA �( �²N¸ � )�� � G� ¼������KÁ���6�� g Ù�¤����m� DC
h ¤�6*f g }¢~ � 6I£�l g ������IÁ����)°�� � Ù�¤]�

AC
h ¤76<f g }_~ � ¼7F*2y£ AC

h ¤ � �³ñ%Õ! ËÁ��76 CSA ¹���~#"%$�/!��&('rÊ���W � Ì � ¼
DSSD

� � p+ µ�6 DC
h ¤ � £ n+ µ��J����)���]°!� � 2*3>¹ AC

h ¤��%��,�5 g � ¼ DSSD
�

AC
h ¤*�]¸ � ¹��]£ RC-chip 6<f g }_~ � ¼EÊ1~��]£�+0^-,0ñJØ).%¦	Ø���Ø/�e� ��	����0�12�

×³ñy¦�Ø ¬�354 ¹ � ¢�9�2]WJ/ � G � ¼ RC-chip ��»�/]®%¯ 4 £6+0^#,#ñ�Ø).#¦�Ø��³Ø���78d¹
W���� Crc ��
P,J5 g � ¼

HV

CSA

PSfrag replacements Ilc

Cd

Rbias

Rim

� 2.3: DC
h ¤]/må�� ª<«

HV

CSA

RCchip

PSfrag replacements

Ilc

Cd

Rbias

Crc

Cc

Rim

� 2.4: AC
h ¤]/�å�� ª�«

ªJ«	¬ Ñ���ÒN¹��)£:92;JØ�ß�Ø�Ñ���Ò-£0×�; ^2<_Ñ*��ÒI£0»�9�5 CSA
� K|Ê � Ñ*��Ò	6�G � ¼

9*;<Ø�ß	Ø�Ñ���ÒA�m�)£0§�¨4©2��=�3�2]Á%Â ª�« O-¹!q�r'¸ � ¶�>]/	0�1%¢Y±d¹*£ g 5-£j»�/�w� "	$�ñ1��6*s�?�@E¹mT�A � ¸ � Ê��]¹6B]uÉK�Ê ���® � G � ¼�»�/�2�3�C:92;JØ�ß�Ø�Ñ���Ò��
T �® �*W�D��*~�5 g � ¼ ����
�EGF	H /J§�¨0�yÁ�I¡��9�5 F�J @�~ � 2�3�C#Ñ���Ò�/���Ì	@��
Á�I ��� 9!2�å�� �® Á�I (Equivalent Noise Charge: ENC) 6*f g }v~ � ¼ DSSD /�K�L F 9	M
VA32TA �ND��<~ ��O ^	,��mf g 2mÙ�¤�C	����)�#P�1 Rbias

� K�Ê � Ñ)Q�Ò ENCbias �#C�R�S
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� M
ENCbias(e

−) = 770

√

τ(µs)

Rbias(MΩ)
(2.4)

� Í��e@�~ ������� � τ ����	�ë
	j/�� � . � G ��� F�2#C ª�«� Mmq	r�� ��� /-P�1���� Rim

M�B�,J5jW�9�;<Ø�ß�Ø�Ñ�Q�Ò�6�I�K|915�£�u C

ENCim(e−) = 450
Cd

√

Rim(MΩ)

ρ
√

τ(µs
(2.5)

�vÍ��P@m~ ����
� � C ρ ����I
������� � G ���� M	×G; ^�<_Ñ)Q�ÒA�c�	C E*F H /³ñ(Õ  ���� Ilc M�B
����� ñ� �/!��~�6JÌ�Í � M�Î¡} ' � �

M�B�,J5�K�Ê � Ñ)Q�Ò � CG9*;<Ø�ß	Ø�Ñ)Q�ÒA�#"%$
ENClc(e

−) = 107
√

Ilcτ(nA · µs) (2.6)

� Í��P@m~ ���&�' / CSA
� K�Ê � Ñ�Q�Ò � G � 6C � ~]� CSA M)(�Õ+*1@�~ � ���*MJ��q¡9/C DSSD �

VA32TA /�,	¤�� � ��C
ENCamp(e−) =

45 + 19 × Cin(pF)

ρ
√

τ(µs)
(2.7)

�c� ����
� � C Cin � CSA M-(�Õ.*%@�~ � ��� � G ��� DSSD ��� 2.5 M	�/�GB10 M�C p 2%�
<!ñ<^ ,]� n 2 � <!ñ�^ ,*/�3�Mmq�r�� � Body Capacitance � C54761� � � <JñJ^-,*/53�Mcq�r
� � Inter-strip Capacitance ��D	�*~ � ���2��
98�5 g ��� B�8�5�C Cd � Body Capacitance �

Al

p+

n+

Al

CSA

n-bulk

Cbody
C inter-strip

PSfrag replacements

SiO2

� 2.5: DSSD 6�
�{���� [11]

Inter-strip Capacitance �1¤��e9m2#���|�%� �!� F�2	C AC
h ¤�/mÙ	¤�C RC-chip /#��� Crc 6%:; � 2�3#C Cin = Cd + Crc �%�½u C DC

h ¤�B�u�W*Ñ�Q�Ò�6���:�� �!� ��I
�5����� ρ �	C DC
h

¤�/!Ù	¤j� 1
� G � 6)C AC

h ¤�/!Ù	¤j�
ρ =

Cc

Cc + Cd + Crc

(2.8)
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�(� ��� :�;�C AC
h ¤-� � ç �+]^�,0ñJØ�.���ØN�0Ø �7/-���G�¢. 1000pF á�o�� � ��� � B�9 C

��I
�5�����2� 1 M�� B � � � 6#C RC-chip M � ��� �1/ � � � ��Ø���Ø ��/	���6�. 10pF á�o
9�����B C � /�����6��
	 � � ��B���u C DSSD / n 2 � /���I����
����6�� B�� 8!5 g ��� »
/�2�3#C n 2 � /7Ñ�Q�Ò%��@7}-Mc��:A@�� � D > �c�18J5 g �!���� F � /�Ý�5�/�Ñ�Q�Ò6�����9!2 Etotal ����Ñ)Q�Ò ���0/��
�����|�c�½u C

ENC2
total = ENC2

bias + ENC2
im + ENC2

lc + ENC2
amp (2.9)

�%� �!� B58J5�C�Ì	Í�Î¡}�Ð��<Ñ�Q�Ò%�����9!2�Y�Z�[]\�Õ���Ç7È5���	é7µ �J� �P�
∆E(FWHM) = 2.355ε

√

(

F ·

E

ε

)

+ ENC2
total (2.10)

�%� �!�

2.3 ��������� �! #" $% '&!(�)+* NeXT ,.-
DSSD /�021�z43��	Ç�ÈA� C6567�849�Õ!��Ç�È5�;:�<>=;?)CA@ X B4�DCFE2G2H�I�BKJ�L4M�/�0N�OQPSR
TVU�W 0���HYX[Z�H]\_^�`2a�D6b�cQd RKTKe 3�f�gYh>i�c�?
1_d �

2.3.1 jlknm�oSk6plq%r
@ X Bn�>CsE2G2H�IYBQ/SJ�LQM�t�unv 2.6 M�w1�%x)0�yzu�{�|}a�~
��a]/]�K�
��<4t_�6H�X�Z
H����4f���� � M��6d �4� /K���YuK���2/S�%�z�nM6t � /�567Y829A�SJ�LQM�/ N
O /z021 R
T f� =��/8�� �Q�)� M�uD��HYX[Z�H���� U���� � y]��<-�4d��6H�X�Z;Hz\�^K`�fK����i�c�� �

v 2.6: ���
�A� [14]

G4H�ISB_f��2���2y��%dQa�u2�
H�X�Z H��
�Qy_xQ¡£¢ 8]?�1��Y5
7Y8n9A�K/S¤Y¥ U ¦ |%y;§4¨�u
�2�]�6©lC���?�1�ª¬«6
HSX�Z H�\�^�`SM
tSuz�2����MKG4H�I�BA{�|_f�®[aA=���5K7�8n9A�¯a�u �
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/��
:��43 U;T���� d���a;M�ul6H�X Z;H ��� U
	��� = uK����=z�KG¯H�IYB�{
|Qf�¢��z?�1��
5
7�829A�Va�������� U�� dS«¯�H�X Z�H]\_^K`At�v 2.7(a) /4x��]y����S�H�� ��8K8"!Q\$#
%&
'

(CdTe)
P)( /+*",�-��2�]� U ��."/2y106�2�]? ��3�4�5 � ��6VU =�?87[¡ u:9 ¥_M
G2H;I�B

{�| U�; �:<Q�HYX[Z�H����Di+=_�?>�u�{ ¦ �?@Di
=2dz«

SSD

CdTe

Background

photon source

A

A

1

2

1E

E2

3E

(a) �H�X Z�HS\6^
`�/CB�D4v (b) E�FHG8IKJMLONCPRQ"S T�U
V

2.7: W JYXZL
J�[�\�] [11]

^�_Z`Ca�b J+c?d:e:W2J1XfL�Jhg�i�j:k:lnmpo�q�j�rfs `�a8t uYv:w�x2y E1, E2 z g�iM{�| a}"~ y
φ1, φ2 z�������� {
| a�t�u?v�w�x2y E3 sh���:s z t�u1v�w�x+�"��� sn���"� �"���2�M� z

cos φ1 = 1 +
mec

2

E1 + E2 + E3

−

mec
2

E1 + E2

(2.11)

cos φ2 = 1 +
mec

2

E2 + E3

−

mec
2

E3

(2.12)

s������������ z me ���8��� � z c �+��� � �2�+�p��|�j�k:l z b J�c1dHN����"�H� y�� } φ1 N����  jC¡H¢���£"���){ � j�E�FpN�G�IMJML y P�Q"SRT�Up�R��sCj�k�l z b J+cYd�NC� ����� y¤�¥ j+¦��2��s�e��H£ z�§Z¨?©�ª ]�«�JM¬ON"�®°¯h±�²³s����C�
W JYXZL
J�[2\�]�N }�´�µ ² � mKo+q�NC¶:· ´�µ ²�N�¸)j z t2u1v�w"x ´�µ ²RjC¹M£)º¼» � �

�+�2½ a z mpo
q�¾?N �8����¿RÀ j �
Á�Â `�Ã8ÄM�ÆÅ z�Ç)È Ã�É �����8�Re�Ê�Ë�� ��� a�Ì j z g
i } e?Í�e°l y ÇMÈ Ã º��C���CN+Î�Ï � Doppler Broadening s�Ð�ÑY| z m�o�q:N+Ò�Ó:ÔCÕpÖ��2�
s � �p£?� É �Y× Ø Ù�Ú � � �1Û8Ü)Ý Doppler Broadening eYÞ�{)º zHß N à��)¯ Si eYá°¯�â�ã
� �R���HWRJ?XfL�JC[2\�]Y� ��z t uYv:w"x ´�µ ²�j�kY� }�´�µ ²RNCä�å y Doppler Broadening

j�k8��æ�çpjCè `+Ã?é ´ j"ê ë Ã"Ä º���s�e?ì ÌM� |H�C�
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2.3.2 NeXT ���
��� u JAXA/ISAS

U��	� y;u ��
 ª���Qy�� ª���� X ��������� NeXT(New X-ray Telescope)������� �! #"%$�&('z« NeXT
�)� y+*-,�9/.1032��40�5+6%7+8�9-:<; �>=@?BA $�7BCD7 2011 E

0GF!H�I)J%KMLON A $%&)'S«
NeXT ���(P�*/7�-QGRTSUQ/V+W�X�K	Y-&+Z�[�\(Q^]_�>`Ma	b (Soft Gamma-ray Detector: SGD)

0Gc�d � `%eTfG"%$%&�'z« SGD *n�Q�RBSgQ3V(W�X�P �h
 ªi�-�h0 HXD j�k@lmfG"(Z BGO Pn '/o@p+qK��r>s #Gt�u(v/w4Q�H�GW�r)x+K ? ¨�Z37zy|{M&�}@~<K	���?*",�-@2�/l%Q>RBS/Q��-��%� tg&M�O� A &1B�Dh03`�a_b�j)��'��H�-r�s #�P n '_�B���-�@X & Q�#�0-���<P)�)Q�R�SgQ3V
W+X+P n '_�z���@�+X & QK#O0��_� ��? 0�CD7 10-300 keV j3�-�@�-�403�+�<Kg�h'3�h�/")P n CD7�-�1���<�/�  G0_ @¡4¢ �3£%¤ KG7+¥1¦+$>§@¨�PG©�ª(jh«�'(¬�0�t���TfG"%$�&('3�1®+Z�7 SGD

j�*(��Q�R¯S/Q�°@±10_²�³TK/Y)&�$�7 100 keV t	&T´µ��&+¶�·>s�¸+rG¹+º(j>¥(¦+$%0_»�¼�½+© �3¾¿ t � '3�+»-¼�*�À+Á �>?@Â f_"4'/Ã�ÄMj)0�Å-Æ(ÇMÈ>É1W�S>Ê�0�Ë-ÌzK/Í1Î�Ï>Ð�7@Ñ�®�j�Ò�ÓMÔ
½-©�Õ-ÖMÐ�× �MØ Z��

Ù
2.8: NeXT Ú@Û4Ü3Ý@Þ Ù [14]

Ù
2.9: SGD Ü_Ý�Þ Ù [14]
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�
3 � VA32TA � VA-DAQ � � � � DSSD� � 	 
 � �  � � � � � �

3.1 VA32TA�����������M��� Ü! #"%$�&(' �*) Æ�+�, CSA , Shaping Amplifier , Discriminator
�z� Ð!-.0/21 Ï43 DSSD

/ Ò!576�83·:9!;�Ð!<>=@?�Ï*A�¦:,(BDC � Ü:E �GF0H $JIK;�L*M ) Ï2B2N/ÒO,KPQSR P*,GT�UWV2X0?ZY_Ü:[ /!\�] ¢ / Ò#?�Ô*3(^(B /*_#`badc ,#&d' �(e:f - . ?�: ¿ $�g2h)Ü5(iDj f ®SN�¦#A LSI Ð*k:l�mnC#oM«OAp3 VA32TA Ò�qD9srpt R Ü IDE uG,!P7v�8pwKx Rzy|{K}G~ÂW�0� 8!v R (SLAC) , JAXA/ISAS
f aSc , _K` ~ Â�� ]W� f4�2� CWo@ÔWA(¬�Ü2$ DSSD Ü�&7'�0e Ü#A�¦ fD�G���be o#k!lZm4C7A(¬�Ü / , 32ch �4Ü CSA , Shaping Amplifier , Discriminator ,

Sample Hold �p�K,D�!9#5�j��n�J�4,Z�GÊ�� � X0$�� Ø AG�O�7�G� LSI
/#1 ÏD3 VA32TA Ò 0.35 µm

Ü CMOS jW� � P /!�#� m4CK,#�z«Wm>Ò 7.035 × 3.385 × 0.725mm N��W� /71 Ïp3M®#AO, 1 5d68_·*9 1 A c Ü�T�UGV7X(Ò 6.3 mW N@�#T�UGV7X /�1 Ï�3

Ù
3.1: VA32TA 5%ipj [11]

3.1.1 VA32TA �G�s 
VA32TA Ò VA part N TA part Ü 2 h)ÜO¡�� f �£¢�Ï0B0N�Ð / «�Ïp3 Ù 3.2

f
VA32TA Ü�¤�7ip� Ù $J¥ ) 3 VA part

/ ÒO, CSA , slow shaper , Sample Hold �p� f a(c§¦ }#¨G} Ð:© � CK,
TA part

/ Òp, fast shaper , Discriminator
f adc ��ÊJ�: K"1Ðpª�«%m�CMÏp3�s�O� N DC ¬�+ e AK�Òp, ���4� Ü!Ê R �nVW®�Ð CSA

f ®0C!¯d° /�±O² Nn?(Ï7B7N	Ð 1 Ïp3
VA32TA

/ ÒzÊ R �DV�®³N4´Zµ��b¶�m /!·s¸ ¶�ÜOV�®%$ CSA Ü7w�¹ R>y»º i!�n¼�½ f ® ) B0N/ , Ê R �DV#®%$¿¾�À4T ) V�®WÁWÂ-: ¿ Ð:ÃWÄ�m4C�o�Ô�Ï�3�ÅKA:, VA32TA Æ¿¡4Ü:ÇS�!�(ÐÉÈ#Ê) Ï+Ü f - . ? ºdË �*P)Ò:,GÌ�¡(Í �DÎOÏ VA32TA ÜÉÐ�i y $nÑ e oÉÒ�Ó ) Ï7B0NKÔ / ¶+Ï>Ð*,5Zi:j�Æ¿¡ / hÕ= c �É) B0N*Ô / ¶�Ïp3GÇ ºSË �KP�Ü:Ö#×SØ apÙ ,#VW®�ÁWÂ�: ¿ ÜpÖW×)ÇG,Ú��Ê�2$:�#PS� ) Ïp50628_·!9(ÜOÖG×1ÒO, VA32TA Æ�¡hÜ 199 bit Ü�ÛWw��:�/È:P(v fDÜ ¶�¯SÝ�B2N /
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pad

CSA Semigaussian
slow shaper

S & H

M
ul

tip
le

xe
r

M
ul

tip
le

xe
r

Semigaussian
fast shaper

vthr

Level-sensitive
Discriminator

Monostable
(fixed width) vss

vdd

Trigger Out

VA part

pad

CSA Semigaussian
slow shaper

S & H

M
ul

tip
le

xe
r

M
ul

tip
le

xe
r

32channel

Semigaussian
fast shaper

Level-sensitive
Discriminator

Monostable
(fixed width) vss

Analog Out

TA part

Ù
3.2: VA32TA Ü�¤��SiÉ� Ù [11]

ÖW× e o�Ô�Ïp3�������� / 5%iOj7$ � L ) ÏgÆ�+�,��
	 { f a Ø ob�GÈ*P(v>Ð��W� e o%Ô(Ï�MÐ��� e o e Å��ÉB7N/Ð 1 Ï�Ð*, VA32TA
/ Ò 3 h)Ü%���!Pdv f ´�µ�%$��#� e oGØ£¶¿,W<G;��Z$N3Ï0B0N f a Ø o! ����Z$���� e o�� �p3 199 bit !"�OÀ4; bit ##h�$ÉÇ ºSË �KP�!:Ö#× f&% c&'o � C�oWØ c , B(!:ÖG×��$*)2N f Æ¿¡�! DAC $ ºSË �*P($¿ª�« e o�� ��3

3.1.2 VA32TA �*+-,/.10�2434576�8
9

3.3
f

VA32TA !O&(' �de v Ë�: 8*�p5d6 R � $J¥ ) 3 DSSD Í �O� XZmDCSAO K"";O,=< Ë> R@? 8�A7¹�8É� f a(c VA32TA !:ÐZi y f&B X�mnC���3 B X�mnC2AO K"4; CSA
f�B c ,�^0B /V�C(Í � V�D�!O G" fFE�G m4C4�O3 CSA ! � X ; VA part N TA part H N �JI�mDC4��3 TA partf�BLK A: K""; fast shaper

f a K o ¦ }W¨W} mDC0A(MW, Discriminator
f adc

vthr V�DzNON�P mCG,0P �Éi:Û-Q 9 y $&R�S2A*5d678(T*92Í � ��U¿�: #"�$ � m4C��p3 ��UJ�! G"";FVS5d678(TÉ9/
OR mDCK,�5Zipj!Í � !³�WU �: K" (ta,tb) N e o:Ì#¡ fW� X�m4C��O3SÅKA:, VA part

fFB-K A #""; slow shaper
f a K o ¦ }�¨�} mOC��p3 slow shaper !�XÉ×�;�; fast shaper

asc )ZY��2A[ ,Ú��U �! K"4$ � X�m4C�oWÍ � ¦ } !J\ R �W$z=��7B0N f ?*�p3 VA32TA ÌW¡�!(]�^S�!� f ac ,75%ipj�!Õ�WUJ��$W_ K oWÍ � g*×�X
� (peaking time) M f holdb  K" $O5 ipj f`B X ) �7BN / ,�^�!@XÉ[ / ! ¦�a $ Peak Hold m4C��p3�b f shift in b  W" $!5Zi:j fFB X ) �7BSN / &' �de $Gk�c m4C4�p3 Clkb  G" f + �ed odÆJ¡�!K�G9�5(jZ�4���
$�feb�g cih � c , analog outf
Peak Hold mnC7AW�:�S�#��*$ � XsmDCJ�O3 32ch �4! � X
$(j � �(N shift out b  *"�$ � XsmC��p3
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slow shaper

fast shaper

ta,tb(trigger)

holdb

shift_in_b

Clkb

shift_out_b

analog out

threshold

peaking time

first channel last channel9
3.3: VA32TA !O&(' �de v Ë�: 8É�:5(6 R �

3.2 VA-DAQ

VA-DAQ N�;�, VA32TA !�]e^ N &7' �0e $n© �nA [ !WÛ:P ��� / , IDE u f a(c�� ÒZmDCWo
�WA!3 VA-DAQ ;:Ð��£��9	� R �@$�
 e o PC N Ï��be , LabView

f a ��]�^�!w �Jr*tK��$��� e oe� �O3�B(!�!wb�¿r*tK� f a(c ,s���Ww#¹��!90?���� $��S?�$ � VA32TA !:Ð���� R v#$ÖG× e A c ,
A R v@!����Z$4©0? �!B0NZ$ / ¶���3

9
3.4: VA-DAQ [11]
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3.2.1 VA-DAQ �����
VA-DAQ Æ�¡�;4, PARIO , SUPPLY , BIAS , ADC , PULSE N����pCJ� 5 h�!n¡G� f �(¢e��BN $ / ¶��43 PARIO ; PC N Ð �s� 9 � R � / Ï��2) �KA [ ! Ë 8!v R w*t Ë P /�1 �43 SUPPY

; VA32TA !�V�� /�1 � +1.5 V N -2.0 V $ ª�« ) ��3 BIAS ; VA32TA
f - . ? º7Ë �!P($ ªW«) �p3 ADC ;p���
	 14 bit ! ADC

/ , VA32TA !��!�(�W� � X��G,KÇ� ºSË �ÉP�!����(v �$
AD
E�G0) �O30ÅGAO, PULSE ; 199 bit !2ÛWw �p�&�!PSv f Z$ Ü ¶�¯SÝW�!�AS¹@�2v49G K"��G,5Zi:j@!�� ¨ f4� � � P �»ÐW97PS$nªW« ) �O3

3.2.2 VA-DAQ ����������� �=6"!$#�+-,=. 0
DSSD

/ ;&% � 1 A c ;�'7526�8`T:9*!� G"�$¿&7' �!) - . $ 1 ��3 32ch (�)p&7' �p)+* +�;�,
VA32TA $DIG; �2� ?�¢:C
�K? � ?��*3 VA32TA $DIG; �-K A * +�! VA-DAQ N�! Ï � $ 9 3.5f ¥ ) 3 VA32TA ; FEC(Front End Card) N,���pCJ��-�. f 1 /dÅ*A@; 2 /�0KhOÃGÄZmnC#oe���43^ e o:, FEC N VA-DAQ ; Adapter Card N1�"�!CJ�2-�.�$ Ñ e o0w��7id�43 R ¤O9 / Ï�� mnCo�� ��32Å*AO, shift in b Ø aOÙ shift out b  *"5(!Ì�!O *"5�ÉV���;&VSo�!É5�i4j /�6�7 m4CWoe�
�43É&7' �Se kWc�$98JS*� shift in b  K"4;p,0Å:0 VA-DAQ Í �4� X£mnCK, ��; ! VA32TA

f�B
��3(^ e o!, �"; !É5Zipj�!p&S' �Se $Wj=< e A£NÉ¶ f�� mDC�� shift out b  K"�$�b�!É5Zipj�!
shift in b  #">Nn? �O3 shift out b $�b?>KN b�!K5%i:j@! shift in b

fFB X£m�C4� a � f Adapter

Card )e!e�G6�8�Ð R $¿ÖK× ) ��B2N f aSc ,`V75si4j�!�&S' �0e $:© � CJ�43SBF!@� VA-DAQ ;
V2576W8&T:9!;#��! Clkb  K"£$ �0e o��*C���b@>ON ¦�a !#�p�0�#� *$BA � CWo = ��B�N f ?*�D3
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VA-DAQ

shift_in_b shift_out_b

FEC

Adapter Card

VA32TA

sh
ift

_i
n_

b

shift_out_b

9
3.5: VA32TA N VA-DAQ ! Ï	�

3.3 ����� ���	��

3.3.1 4 cm DSSD �Z��������������������� Å! � #"/) ��$4!&%('F� 4 cm ! DSSD $*)#Ê(+ �,� M1 !#-/.0+#13246587�9 $;:<>=���? �*�*@ � ! 4 cm DSSD !`_�A )3B3C � -/.0+*1�D 6 2*: < K;E @9

4.2 2 4 cm DSSD !#F�G�CIH�JK@ 4 cm DSSD ;&%��/L E 5 96 MONQPFT>R !,S�TWU;U*V�$0L
� E [ � VA32TA C 3 /�W K ?!X�YQZO[\? �J�&@,F�G� 
; n ]J$")32 < K ? �*� E [ � DSSD D
FEC !,^02 RCchip $ � S*�&@_ E �
9 4.3 2;`aUbTdcOU&V&Vfe�!&F�GaCgHJK@ DSSD 2�; 100 V

!*hOi�c,SKj�D�CKkQl���$ � RCchip !#meD $ 100 V n�� E [ � 100 V D 120 V ! 2 o
!;hi3c!Sp � � � Dg � RCchip 2>kqk �\j�DaC 20 V 2;rb+FS ? �*�#@Q_ E � RCchip )e!*h�i�c;SKs�tuD
;&va2 � 10 MΩ !*hOi�c,S*s�t�C\wqx�2&y/l ? L0z
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9
3.6: 4 cm DSSD

9
3.7: `�UaTdcbU*V

3.3.2 �������
�	� 2	
 � CERN  ���(+ �0?�� z ROOT D���� � z�����T����qc0CgW p [ E @ ROOT 
���	� �	 T"!$#OC�%�5'& � E)(+*-, R/.�021�3	4 p$5 �6� ��� T����,c> 3L 5 � C++ 7�8 5 i6P9 V�: 9 C	;�< [g?6� z @	= 5 E�> � C++ 7�83 �?�@ [ E V	A	BDC�EC2F� 	A�D [g?�G :3 O',z @_ E � C++ V	A-B�C�E�CHF+ 	A6D [�?�G :J�z�I0l! <KJ � C++

5 C>i � C�:qD [ ? ROOT CpL� z � D�M& 6' � ROOT 
�N�O 5 c�V�:QP-0�RTS*P���U�0DE�VW0� * XMKL3z#@ DSSD
5 �	� 2pL� E V�A-B	C�EL
 �6Y > 
DF/ 6A6D [\?�G : [ ?6� EDZ���� 22[6\a2D]0^ Z kfk�z E	> �_^ P` i!R [\?�aDb�5 c�V�:cP-0�R�S#P0D [ E D ��d � r/4H= 4 e 5gf +& G :Q b'>zQ4Lh\2 <�i E @

VA-DAQ  �jlk � E�m 0 9 
 � AD n6o(+ � E)p	(�q Cg"�r 5 i�s�P�T 5 1 tvu 5 MONP , RkTkxw	t622y�z ?	�$i E hQiD{|:'}�~ 5 m 0 9  0L0z&@-= 5 _q_! -
�� � 2 J	J � p ] D n ]Q -
�D�+ZW�  3L�z&@�= 5 E�> � _��-
g� ��� J � m 0 9 }�~/2gn�o [ � p ] D n ] 5 �D� C�= dH� z� ?�C : < h @ ��5)� ? C*J6z � D� � m 0 9 
 ROOT
5

Tree D���� � z- 	C!S6C p$��?����
+ �q�-�-��5 �	�  W� ��� J J < z*@
�-�	���H�����

DSSD k_k�jvk � z m 0 9  -
 � N�o�N�o 5 M�NQP , R0 	�$A���k�k 5 � � ( � m S 9 R )
ZH�

� J6z*@ �\� 
 � VA32TA ;�x 5 T�C�P � S 9 52�6�X52�+�D��� DSSD
5 = �+�K�$5 M6NQP , R5 :�0� �j	� 5)�/��<�� 2�4 i#? VA32TA

5�ZW� 2��+�;`aU/T ZW  z � D#24 i#?�¡£¢ z#@�= 5E�> � _��D� m S 9 R6C�¤�¥J�z�¦�§ Z L�z#@ �\� 
 ��¨ M�N0P , R�2Ko �q?K� 10000 i�s�PaT 5©�ª C¬« > � = � C)� m S 9 R D [ ?�¨ MONP , R 5)O?�5 m 0 9 k�kg® J#� Dg �¤�¥J6z&@
¯W°�±)°-²´³xµ�¶	·-¸�¹Wº
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L0z;MONP , R���iDs�P�T Z�� 'qzOD��X= 5��	� �  MbNP , R�2�
 k�� Z ¡£¢ z&@� 5 
 k
��
  MONQP , R�������IaD�# � k��6z E	> � ^�� P � 0����>i�� Dg���>@6_������£M p	( 5 (� MONP , R 2 o D ���£M p6( 5"!+� MONQP , R 2 obC�# � E M6NQP , R�� m 0 9 5 ©�ª q CbD
5$�%&�bC ^�� P � 0'���!i��(DIJ6z#@/= [\? ��i�s P�T)(QD#2  MbN3P , R3k|kg® J QD)� ^� P � 0����>i*�6C�#�+J6z&@
�-,�5 4$h <2�-. ���-N*/X
 ¨ MbNQP , R 5 S��X T RaCgj/z0QD Z �21,z*@ E I [ �% 5 D

1¬j k��6zKS��/ T R�
 p�(�q (ADC channel)
543 S	T B	CHE	�0LQz ED> � X 5 ��6 P�F�5 5 *, RX.60 5 S��� T R/C)j�z E�> 2�
�5-7 528 0$ 5 *L, R/.6032"9;:;Jbz ADC channel C�«> � ADC channel D *-, R+.�0QC�n�oOJ�z�¦	§ Z L0z#@O_ E �+=�� � � 5 M6N3P , R<�-
 *�, R

.D0�D ADC channel C�n6oJ6z6D�1 5�= i/P Z"> < z E�> �0? ¢ *-, RX.D0��XM 8 0� 5 ADC

channel 
 > < z&@L= 5 ED> �*@*AOSD�/ �T R/C .Ti E 5dJOzCB�D/
�� 8 0� 5 q C p��q?�¨ MON
P , R 5�= i/P!Cg¤D¥OJ�zg¦�§ Z LQz&@

3.3.3 EGF2HJILK	M
`UT c0UIV [ E 4 cm DSSD � G-N 2CO�P*5*7 5RQ*SGTVU-W6iRX�Y Q*S4Z)[�\;]RX 5*7$
 241Am

��� 59.5 keV
5

X 5 T*^�_"YQ*S 
 DSSD
Z

100 V
5�`<a�b�c�d�eGT�f�g �Vh*i�j<� -10 k Z)lnmo]Vp"U<W	i&X�Y�qnX � DSSD5 B<D*O-P�5 Z &Jr2st� p uvs n u	w	x f kC?	] Z�y �+Z ^W�{z �|r X > � ��} k f N*x 5�c�~

:������ ~ : 6�T�f<g �L�"� � Z �� 5 B�D/
�� a � �6�X5 � � p u�I g � ~ : 64T"f�g�X�Y�
3.8 s � 3.9

Z �6� m c 9���� ^��J�R� 0L��� a � 5 ¤D¥ T�_ r���s�¤D¥ ]�X��/5L��c�~ :��
�R� (p u )

5�c �� ~ � TC��_�Y-c �X ~ � 5 0ch ��� 5�8 0� D
��% 5nc�~ :*��� �*�X5�c�~
:������ ~ : 6 Z f	f$i�X s�1 Z jlk�� X m 0 9 ���n� S�]�X threshold

Z��&�4WKJ�^R�0_ r Y��
3.10 
 n u c�~ :"�&����j£k � X*c �+ ~ � ��� p uLst�6z4r|s)��k f<Z *�, � .�0�� ���6Z"� �
�s Z � f r Y = ]Cp � � 3.11 
 p u c'~ :"�R� 0p-Z"�6�*p � 59.5 keV

508 0� T�6 �WR b0�"�� �$�	  �C¡4  � B ] � *-, � .D0�� ��� (FWHM)
T « > X M 5 �-¢-r Y  5�Q�S 
 bJ}n,-£*¤�4Z&U�W�i�X M 5 ��� q I�¢ qJ¥ *�, � .�0&� ��� 
&� JtWD� Z �6= 5���¦|§-z&¨-Z�©0¥ VA32TA5 ` C�ªD0 9 5 ��«�¬ Z U�W� ��� ©Dª ]&p	®J© = 1.9 keV(FWHM)

5 *�, � .	0�� �4� T)¯ @])p-� r Y
DSSD 
 2 °-± 5�² /�³|´ 5�µ	¶�T)· j _ r��s Z �G1�r X > � X 5 �46|� F�54� 5	a ª�0 �T jJr<-s Z �|1�r Y�a ª�0 � TV. @ _ r Z 
"� p u c�~ :�����s n u c�~ :����Rw�x0��?	] Z&²

/ ]&p-� r a s ��~ �n� W�®�f	��a ª�0 � TC.�¥CX�� *-, � .�0�¸|¹ Z&º / _ r p	(-q 5 ¸2¹ Z» q � p	� r a s �{~ TV¼�½�^0] �-= 5*a s �J~ � ² / ])p	� r p u c�~ :��&�|s n u c�~ :"�)�5 ³�´ T x ¾�¿	� y ¾�¿Ls ])p 2 °�± 3&c�~ B�CWE TC. @ _ r Y  5�© h Z4]Rp j£k�� X�a ª�0 �T"�
3.12

Z)�0_�Y 5�7 T DSSD
5�À�` 0 ,-Z*¤�Á ´ ��p�Q�So]�X	X > ��5�7X
 DSSD

f k � mm]Cf�Â � p�® kc����5�7 T ´ ��X ³�´ T*Ã)ÄGZRÅ x2Æ Z X 5 Z ^�p6� rCÇ�È TCÉ r-<s Z �|1�r Y
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spec[150]
Entries  652114
Mean    62.17
RMS     66.62
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spec[150]
Entries  652114
Mean    62.17
RMS     66.62

spec[150]

ADC Channel

�
3.8: p u c�~ :��)� 5 � m c 9R��� ^��2�)� 0

��� a ��¤D¥0� 5�c �� ~ �

spec[150]
Entries  652114
Mean    8.277
RMS     65.67
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spec[150]
Entries  652114
Mean    8.277
RMS     65.67

spec[150]

ADC Channel

59.5 keV

�
3.9: p u c�~ :��R� 5 � m c 9R��� ^��2�R� 0

��� a ��¤�¥ �/5*c �X ~ �

spec[48]
Entries  652114
Mean    5.293
RMS      42.9
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spec[48]
Entries  652114
Mean    5.293
RMS      42.9

spec[48]

ADC Channel

�
3.10: n u c�~ :���� 5�c �� ~ � ( ¤	¥ � )

FWHM
Entries  96
Mean    142.3
RMS     27.75
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�
3.11: p u c�~ :���� 5 *�, � .	0���� �
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DSSD image

�
3.12: 5�7 5	a ªD0 �

3.4 VA-DAQ �������
VA-DAQ � LabView

T�\	��X�
�����L~�����b	Z�©2¥ � ��. Z���� ��¢�r2s � h��-����¢<r� ������� � ��b"! � �#�v~$� �nb%! � Z'&)(�*�©	+CW,.-/ � ¢<r Yq'0 ���'� ���*b"! �)����1325436 Z"7380_ r)9<s T�:;�X=<�>5? VA-DAQ
*%@A�d)BC?�DFE

z�?��3G s *	a2� H � ���a�c � ,�- s W�¥I?KJ5*<q	q=78�_ r	9�s%�CL E�W3�*Y5MONQP �SR �~T*CU � H$V�W XY[Z 500 kB/s \ Y s^]`_ ? DSSD
T�a5b ¬ ])pdc-� � ~C��À ª N	T�e3fo]%g=<>?dJ*�hji0^�]"kjl0�.m � *�a%z�n�ºo L E�p _ p r�q q5g�?	�3rK*S�3s �*¡�  � tu"_3v�w

RC-chip
uyx _%9�s � L E r *Cz � ? VA-DAQ � �Cs ��¡-  ��t�n)º o�]Vp5�5pC� q z	{�n"? 4 cm

DSSD
*.|;}C}�£-Ã5n5,'- s p�~�gjZ#*)n.?5
� PC

f�{��*a5� ��� ¥^�)�)� s ��~�g 9�s Z ¢
r=q 4 cm DSSD L)���� �#�C� � ( � {�0.? DSSD

*%�5�Ou��SpF+ 9)� � L E%p3� L �g *5z � ?
3���
PC
*��5�Qu

VA-DAQ �� *.�� �T�5� * GND
n=� �C� g �C9�� ?K��� � �#��� n=��(

� g q PC � VA-DAQ � MKNKP^� R � � u"�	¡ ¢'£5¤F¥=vj¦ � ? PC � VA-DAQ
��§3¨d� n=©5ª¥�v�¢3¡5p3¡3gC«#?

PC
*)������*%¬5Qu�DFE _¯®d° ¢ ��± + q��5² ?#³S´�p#µ�¶·u�¸ +^¹ º5�3�

L�� PC � * �K»�H ��¼�½ �5¾�G�¿ � §5¨K� n%©3ª[¥=v�¢¡	¦ 9S� �'À ±j� ¡ qÁ n)Â ¼·�ÄÃ�½=Å ! L5� ?^Æ ÇQÂ ¼[� � OS
nyÈ�É � ¢C¡3¦ � ¡C~�g�,�- �5Ê ¦ q LabView Ë � �

Windows
*%Ì �ÍdÎ »%n"È É � ¢ ¡ p ¡3*Cz � ? LabView

n"Ï	«%Ð ± v5¢5¡S¦3c ��Ñ n Windows

9x LQ�"Ò#Ó � L E�p3¡�Z'* ��Ô ± v�¢5Õ×ÖØ? Æ�Ç PC
u�Ù3Ú � Û + � � g%<�>�n ,.- � p	¦ q
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J � ¢�? �d� Ñ�Ã�½�Å ?FÂ ¼���Ã�½ Å � !Qn��S;S¦ 9S�3�C� ¢�? VA-DAQ �����SÒ {	��
F¥"v¢�¡�¦	Z#* L Ê ¦ g3«��d¢S*���������K¥%v)¢5Õ�{y0�?��N����������'¾ � p�~�¢�¡�¦"G¿�� Ê¦ q J3*3g5«�? � Ò ,�-!��"�# � g�Ö ?%$�&Fu('j; Û + �5� g�<)>�n�)�!��* _ ¢�+�¦"<�>�� Ê¦ qS± g�? VA-DAQ
*(#�, �(- n/.!0 � ¢5Õ�ÖØ? VA-DAQ

u��	¡g%h�i21 �43 ¾ 5�6�* 9 v5&�}*�"�7 ��8×� ¡ q

3.5
9;:

DSSD <;=?> @BADCFEHGI)J?
VA-DAQ

n/KML�¦�Ú � ¡ DSSD
h	i21 ��3 ¾ 5�6)�#? JAXA/ISAS

Õ Û�N �!O Å M5��¾n Û ~=¢)�4"·¥"v¢5¡S¦ q Ú � ¡ 3 ¾ 5)6 ��¼ sQP�5MR»�t�n�S o � ¢ Õ×ÖI? RC-chip
u"�)¡5p ¡

DSSD T hji21 � �4U�V L Ê ¦ qd± g�? 436 758[u�:�W � ? X 2 � n � SpaceWire L h	i21 � u�	pZY 9	� Z[U%V L Ê ¦ q

3.5.1 \�]M^!_a`cbMd
DSSD

n'Ì	� Å ¾ §)e u Ò	° ¦"<)>3? VA32TA
n�f�¡#Ìj� Å ¾ §�e � Ò5Ò {�p5¡ Û Y%n%? RC-

chip
u=�	¡ ¢

AC g >Kn � p ° vSw pF{�p3¡ qF�=ÒO� ?�hCr TjÛ Y=n RC-chip
ujikY � §)l�mQnoQp ��q _ p[ÖØ? n r ¾ � O��(s T�t m'��u�P=¿)v2V)��q w���¦ q5± g%? RC-chip T/x e T�y{z }'?�5� |)}dp#Ìj� Å ¾ T Ò)°�~ u � p ° v�wCpF{[�.?���� �^Å �4s�����}On�pd~.¢�¡S¦ qJ 9"L ? RC-chip

u��)¡��Sn%ÌS� Å ¾�u Ò�° ¦ 9)� u[UMV)n#�	¦�? ¼ s�P�5�R3»�t ��� w'v�¦{�� ���S¡·{�vj¦ q VA-DAQ
u��S¡�g/I�J T�3 ¾ 5�6 L�� ? VA32TA

��J T%��TQ�4� ? Ì	� Å ¾ T
GND � �j¢ �5�jL p ° v	wCp·{�p5¡)�#? VA32TA Ë��d��� � �Q��� ��T U�R Í H%� �4��� GNDu �3� n#�j¦ � �K� * _ ? VA32TA T GND

u ��T��4�	Ò {	�j¡g��)�dn���¦2� � ( ¼ s�P�5�R�»t
) � U�V L Ê ¦ q VA32TA � GND T §)� � ��TQ���×����� ¢���Y[� Ê � Y ��� §)�§)e (Vdd

= 1.5 V, Vss = -2.0 V)
� �%� µ3¶ TZ��  �F¥�¡�¢ �#°�£�¤ ¢ ²�¥4¦�§�¨ ¦�©�ª���� � n r ¾ �O4��s�«(¬M21 ¨ VA32TA T GND

« � Ì	� Å ¾ T�Ò Ò�®4¯ n r ¾ � O��/s �j°²± §)� ¥�¨Q£M¤��
RC-chip

«{³Z´ � DC g�µ�¥�Û ® ¢ n r ¾ � OQ��s2«{¬�21 ¨ � � �4U�V ¥Q¶ ¦�©·
3.13 ¥¼ ¸ P�52R»�¹ « �/¯�� ´ T DSSD � VA32TA T�ºQ» ·M«[¼ ¨ ©(½ ¥ DSSD ¥ 100 V

T Ì�¾ Å ¾ § e « Ò)° ¦ ��¨ ¦ �¿� n r ¾ � O��/s ¥ £5¤·¥ £ ¦ VA32TA T GND T §)� « � ÌM¾
Å ¾ T GND ¥ S � ¢ 100 V ¥�¨)£2¤ &j¡�©�� T/À�µ � VA32TA T §�� �C� ¢ ��� Vdd ¥ 101.5 V« � Vss ¥ 98.0 V

« ÒS°�£%¤ &�¡Q© ±Q¯�� p r ¾ � O��4s ¥ £3¤�¥ £ ¦ VA32TA � I�J T ¬�21
��3 ¾ 5�6 �(°�±!ÁÂ� GND ¥ 0V

« � Vdd � Vss ¥ ª £�Ã�£ 1.5 V � -2.0 V
« ÒS°�£%¤ &j¡�©
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VA32TA
Vdd

Vss
GND

DSSD n-side

100 V

101.5 V

98.0 V

(a)n r ¾ � OQ��s

VA32TA
Vdd

Vss
GND

DSSD p-side
1.5 V

-2.0 V

0 V

(b)p r ¾ � O���s
·

3.13: ¼�¸ PQ5�R	»�¹

3.5.2 ���������	��
��_��������·
3.14 ¥ Ú � ¡�¬��1 �(3 ¾�5Q6 T � ¸ �[�/·�« ¼ ¨ ©IÚ � ¡/¬��1 �{3 ¾�5�6�� �(� FEC(Front

End Card) ¥ VA32TA
�

2 ��±Q¯5� 3 ����� ¥ £ ¦/©�ª � ¢ ������T IFC(InterFace Card)
S ���|�� T FEC

��ÌS¾'£�¤F¥ £ ¦�© FEC Ò�� IFC ± � �)¼�¸ P�5!R	»�¹�¥ £Q������T �����=� §5¨� ¥! Ö#"[¥ £ ¢�¡S¦�©Mª T)¯ « � FEC Ò$� IFC ± � T)�4�!T GND
« � DSSD T ¾ � O���s T§)� �j°�±�¥�¨ ¦%� � �)��´ � n r ¾ � O��4s�� � DC g�µ�¥	Û Ö ¬�21 ¨ � � ��U%V�� Ê ¦�©

FEC-IFC BUS
«!% £ ¦.µ3¶ ��� VA32TA T)Å�&�¸ ¹)1 � ( 'M¦ § %)µ3¶ ) ��� � O)(�*,+3ÆÇµ5¶ T�- R Í/. �3µ ¶�� Ê ¦4© ADC � IFC ¥!�/� ¥ £ � IFC 021 � �,�²T)��� � * Ö � Ö.¥

£ ¦%µC¶ � �j¢ - R Í2. �Cµ ¶�� Ê ¦�©�µ5¶ T * Ö � Ö ��� LED �43 �K»65 ¶ �4«"��¡ ¢ §5¨d�
¥ ©ª � ¢�µ ¶�«)7�8 ¨ ¦ - Ì%¾ ¾)� Ê ¦ � ISOLATOR

« ��� ¢�� ¶ L £ ¦�© ISOLATOR 0,1
TQ���j� DSSD T ¾ � OQ��s �j°�± §)� � Ê ¦ �)�K� ¶aÁ�¶ ¦ ¯ « � �!T�- R Í2. ����� (VME

BUS ¶ � ) � � ��T GND
��i�L £ ¦/© IFC Ò�� 1 � ¥ £2¯9- P .#� I/O :�; « ��� ¢ � DP(Data

Processer) ¥!<=�[£ ¦�© DP
� �><	��£ ¢�´ ¯�- P . «)?�@ �[��A . � ¥3� VME BUS

« � � ¢
PC ¶ �CB <D�[£ ¦�©
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3.14:
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4 � SpaceWire
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� X/� Q��?@
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� ��� D n��-�.�0 `%� D ` f
� O ` X @ SpaceWire � B >), SpaceWireS ` D ` D J�>�����>V�� (ESA)
I |?~ IEEE1355 #-� n F I ���+��X���� �
� D n%�2��� e%@5�,+.J0� SpaceWire X ����¡�¢ I S2E£ nN¤ ZRt\#+S\¥�{�¦J§\¨�X-����V��2$�©Jª @>«�¬ n%�

�K~¯®'°?M�f ` JAXA/ISAS $ d�±�d � #
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4.1 SpaceWire ´�µ·¶

SpaceWire SAa+¸�¹ � ;/º�» �h�+� X�� � ��¼ ³�½ P¾ n�¿�À�ÁÃÂ�n ��S 2 Ä 400 Mbps
D ��Å �¼ ³ 5�{-%Æ � O�V � I �	� I ]+Ç_& ³ � D ½ �0� ��¼ ³ , SpaceWire X �>È
É+Á ��S LVDS(Low

Voltage Differential Signaling)
D)Ê_Ë @ ³/É�Á�Ì
ÍU½ � M f�@N� M�³ ,�q�Î�Ï=X2Ð�Ñ �
È #�� M� É�Á & ³ 5�{�a�¸ » � � ` q�Ò�Ó+Î � ��Ô�Õ�Ö I�× �Ø ��È
ÙNÚ f)Û_Ô�Õ�ÖJÛ%Ü�Ý `9Þ O M , g5- Data-Strobe(DS) encoding
DPÊ_Ë @ ³)Ì�Í #GßN� n/� M�³ 5�{h Data

�+È D
Strobe

�
È #É�Á &�@ Ë  Data
�+È Û2à�á2â ~9Û ¿ Õ\ã �>ä #)o K�_�³ Û I (
*�O Clock

�+È #På ��æ ��ç�.& ³ � D ½ ��� �J¼ ³ ,�è 4.1
I/é &N|0z I  Data

D
Strobe Û XOR # D ³ � D � Clock #)ç
.

�U[ ³ ,
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è 4.1: Data-Strobe(DS) encoding

SpaceWire
I � MN³���n�j º S- Data  Strobe

½����-� o K�� � 2 �0�	��
 e/@�� M_³ ,_?�@A2@�Û �+È�Ù S- 2 °UÛ ���� º # × ������¼ K�� 5���Õ������ ; I O � ������ÔhÕ+Ö I>× M �� D O � � MN³ , ���� º S X d � 10 m !�4�" Ë &�# D ½$� [ ³ 5�%��1'&�4 � Û)(�*hO�V ��+,�½	- .�� ¼ ³ ,)/+5�0�1_��e�@ ³ a�243 ¿ S 9 5�6-Û D-sub a7283 ¿ D%F ¥:9$; � ¼ ³ ,
Conductor 28 AWG

(7× 36AWG)

Insulating layer

Filler

Tw isted pair

Inner shield around

tw isted pair (40 AWG)

Jacket

Filler

Binder

O uter shield (38 AWG)

Outer jacket

è 4.2:
�8�� º Û<� � [5]

1 52 43

6 87 9

Din+ Sin+

Inner

shield Sout-- Dout--

Din-- Sin-- Sout+ Dout+

è 4.3: a7283 ¿ S=5$6 ;�> Õ?6 [5]

SpaceWire 4�#A@_@ ³ ¾ �_¿ S<0�¼ ³AB e IDC�E e/@�5>¾ ��¿ I ¼+�	F�G�" #AH ¬ n-5�I �KJ
� D n/�+$L� D �2e/@ ³ , SpaceWire S�2 J �NM � 3 IDO ÇÃn%�$�P�Q0 º ��¿ D%Ê_Ë @ ³ V�R #
��áho K���³ # D/I ���Q08S J ¹�TU;UÛ�2 J �VM � 3
#U�$
_& ³ # D	W � [ ³ ,�/+5D0�2 J �UM �
3�4_Û�¼ ³�X�Ù�½	Y @�5DZ_o � W 0�[ X º � � � ¾ ��¿ # Á ³ # D ½�� [ ³ 5�%	0$\ p$] Û�^ M¹	�$_�`�#A��a�& ³ # D ½�� [ ³ ,�e�f I 0 À�Á Âb� � ½�c ��O M Z_o�S<0$d�e�Û XhÙ # F�HNI
1��N& ³ # D � 0f���g^
¸�O+¾ �_¿)À�Á W -4. I n%� M�³ ,
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è 4.4: SpaceWire Û�2 J �bM � 3
SpaceWire
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��� V�R D ��� e@ ³ Z�o�0 CPU
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I/O ����Û Â�� � ¿ #�� s ZJo W ¼ ³�½ 0�S���� DGF ¥ ; 7-Â �
� �+4 I ���V$R�Û Â!� � ¿ # +�, n 0 S��� I ; 3�����& ³ Û D%F ¥ Q�" ���#� V$R�Û<G
" I ; 3
�$��& ³Ì R #�S������ J��¯7 I/O

DPÊ�$ , SpaceWire
I ��� e%@�5�V�R�S)( C Û
%�� I �&� e�@N52V$RÛ4�(' I S������ J��¯7 I/O

I � ³ ; 3���� ½	-4. D O ³ ,K#�Û2V . Û�W�) I S<0�*#+�O ��¤ �a º&, J-��. � M @ Ë0/ �Q0 CPU
. ��5+O M V$R W SpaceWire Û�2 J �VM � 3 I ���21�³ # D ½� [ ³ ,

!J4_Û4�3' I 0 SpaceWire S-Æ54�O�V$R I06#7�I O Ç � [b0$\ p$] W ^ M , SpaceWire
. � M508�9
1'& <�= � SD0 » \�Õ�6 ¿	��:�: Õ'�JÛ <�= D ?�@NA2@_Û/V$R <h= .!;�< IAC>= 1�³ # D ½� [N0�T
V�R�S i�M I0?#@ 1�³ # DBA � 0>CED I0F i#���21�³ # D ½�� [ ³ �(' I O ³HG e�f I 0��¤ �Ga º ½ *�+�O�# D Ú f 0�I2J�n W �J�UÛ+¾>%�Õ�� . ��K 1U³ I#L�S A �Q0 FPGA
D

LVDSÛ�Õ�6 ¿��2:�: Õ'�\e � ¼�@ Ë � MMG ?�Û�5�%70�N�O I q a���� � W�) 1U³ # D ½$� [ ³HG #�Û
�2')O�P�Q Ú f 0�R�SJV$RET » \�V�R
ª�§ Ú f%ÛJ�/²�U ^ �Q03VHWJV$R2XNÛ2Ç��YU[Z&\ e0] ³�G

4.2 SpaceCube ^ FADC _a` b
4.2.1 SpaceCube

SpaceCube cD0 SpaceWire Û
d
e ��f�J �hg � `ji�k�l>d
ejmn]Eo-p�qMr PC
� 0 JAXA/ISAS

i�¹M� :#� Î�sut4���vd�eYm-]2o G CPU t�c MIPS w �&x _�3 , y . �3z VR5701(300 MHz)
.

{ S|k:0>}�~���� PC Û0s . t!�(�#l SpaceWire
.

3 � � � { Sknl��2� G Linux i T-Engine ���� m!]�l�� ��0 x'�M����� 0����D��0��3��� ����� �j� .����21 � i 0M�M��� PC iMknluU:1����� � G SpaceCube c�VHW�s$R �0��� .n� ��knl�� �Q0MN#O�t0� �<� � � SpaceWire ��_�� �¢¡£ .!¤ )¥knl&�2� G
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Linux �<Z���c < l2� ��� ����� OS t�����l�����t
	���m-]2l&�3�#o�%	0� ��� E �����#�� �
o Z�� � UV0 OS ������t �?� ��� ���&t E �����������(��� ��� 6! Mt�J>]���W#"��NZ��2�$ � G&% # � 0 OS i>knl Linux ')(�U(�!w+*,� � ` ] t
-E](o T-Kernel
. 1���k0o+.3��0'^�/

�0� �,� 61 32�4(�
I�L��65&������s�R|i#k-lEc+7�8�9 $ � G k;:jk Linux cH)�< PC 96=?>A@
�#]El�BC(ED�@��+F3]2o Linux ¡ £�G 9�dMe3��9 � � i!� '�S�� J,H � $ � G

CPU VR5701

200 MHz / 250 MHz / 300 MHz

Flash ROM 16 MB

DRAM DDR SDRAM 64 MB

INNPUT IEEE1355(SpaceWire),RTC,CF(True

OUTPUT IDE),XGA(1024×768),USB1.1,

LAN(100BASE),Audio(Stereo),

RS232C,JTAG I/F(Debug)

POWER +5V

SIZE 52 mm × 52 mm × 55 mm

I
4.1: SpaceCube �
J�K L 4.5: SpaceCube �NM�O

4.2.2 FADC PRQTS
FADC

��U�� c+D SpaceWire V { S|k-o�W f0XNY�Z ADC
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G 9�ckd�e��
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� o� �U¡Hs¢6 £o wk¤�¥�¦�s&t�V3@���l+�k§�9 � ��'0w!t>�&�Hl&�2�
f!¨�~�D_�
� FADC
��U¥�

i SpaceCube V-�2�+D ¤�© t SpaceWire t�'M��� U ���6ªC(
i�(�V3«(�+D�m��-t User FPGA t
|¬}H�1~��,Vq� � ���p�Ei6V3���o6f L 4.6 t FADC

�kU�� �
M�O_V3D L 4.7 t FADC
��U � �® �)X ¤ L V3¯0e6f
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L 4.6: FADC
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L 4.7: FADC
��U¥� � ® �&X ¤ L

4.2.3 FPGA

����D��E�6h���*!�!��V�����e3��o��#�1~+�(cND���� � h X ¤ IC ����i x��6y(� IC V ���	��
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�;:�<�=�%���D % �N/>0?!	"�#�$&%&9 LSI VA@	BkeDC>��E3F �#¤HG 9 $ C;f�g&/ND�'�);I;yJ/ LSI

�	K3LME�� �s��N C��JOAP�9 � <�=�/��+D(Qk:R��~��pVSR&TU:�/_( eDCk�1O�E�V���t�9 $ C;f % �
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Programmable Gate Array) 9 $ C
f��,"�'&w�0�~���V�� ��� N C��MO0�19 � C���Y���¦ O�:�[
CPLD(Complex Programmable Logic Device) O�x��!yHC0v��)v $ C�P!D��	��91E�
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n # FPGA 9':1C Cyclone
Y,o U�r V5;H0�<�=�e�C(P6D�>+# FPGA 9�v?�@ G 0BA	C�#D�&)09':�CNf FPGA 
�HE'E1h X ¤GFIHKJL� O x�M�y�CBN/O ® E X ¤(P�4 �	P ,Q

�_��yX/)��)RVX:?[	RTSVU���y1P�z U+{ #�N�ORV50 � e�C
f L 4.8 0)U Cyclone
Y,o U1r #WE�h X
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Figure 2–2. Cyclone L A B  S tructure
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L 4.8: E�h X ¤^F_HGJL��# ® E X ¤ L [1]

��`RV)a1<cbed	f>0�g�S%�	h;I;y�[�=XCNf LAB EMI0��0 10 li#WE�h X ¤]FkjcJ ¢�lKm (LE) 0�g
Sn��h I3y	[�RTSVU LE P�v�*1O�v ?�@ G <�N�O ® E X ¤DOA<W*�[�=JC;f L 4.9 0�E1h X ¤GFoj\J ¢lZm # ® E X ¤ L V ¯�e6f 1 ap# LAB 
�# LE E�E U�q�r d	f (Local Interconnect) 0pg+Sts	u I
y�U LAB ��`�EWEWv[d	f (Row Interconnect) O qWw�x d�f (Column Interconnect) 0�g�Sns�u;I
y�C+f0g&/�U/y	z>��0�{|S~}Z*�/ LAB ��`HEp���GJ
¤ m F o�l ¤Bd	f (Direct link interconnect)

0pg+Sns	u0eDCk�1OSP	��,&C;f)�3y���#Dd�f_VB$X=&[ LE V�'}�9��>C��JO�0�g�SVU�K]� <�N/O_V
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Figure 2–5. Cyclone LE 
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routing from
previous LE

L 4.9: E�h X ¤ F jXJ ¢plGm # ® E X ¤ L [1]

��� G < FPGA #�%�}�U1�c,3�g6yD/�~��i#��	� E SRAM(Static Random Access Memory)

#�H U	
�� ¤����0Wg�S�� ] I3yMC�f SRAM E����pV�� CDO�����V�� *?[ :Ng)w&O =W*�/����XP':
C�/���U FPGA E����,V��ky���e1/1��06~+������V � , 30�� �!MP':	C;f�"��B��UD./� 0�~+�����
V$#&%U:�/ ROM( ' l W&(�)iJ U�Y+*�l ROM) V50 u : U,�-��.	�M*J0�} c G 0!~6�����RV$/�2
30� g�w�0H:?[0�W9�yHCk�XOAP�4M=�f FADC

��U��21 # FPGA v�' l W-(�)+J U�Y3*�l ROM
�

��~6�����RV$/�2)3&�ig�w�0&<�*3[�=XCNf�"�#�/&��U FADC
��U4�51 # FPGA #!~���V �X, ��N

C�0�E)U6' l W&(�)+J U�Y7*)l ROM V �G, �MN C8 &!DP�:JC;f Cyclone
Y,o U�r 0D$X=�� yMC-'l W-(	)ZJ UkY3*�l ROM E EEPROM(Electronically Erasable and Programmable Read Only

Memory) Oqx'M�yHC8�&9 G 03�\, �MN �0t�< ROM ��U 10000 ~�- 1 #��X, ��N 0�:�; :S[	=JC
f

4.2.4 VHDL
<�= U ASIC ª FPGA <?>B#3--@���EDU AND ª OR <3>B#�E1h�A
¤�B-C mED ��2�}'9��D/!~+�FGD$H =�[R� G #�I&J D #&KML�CDU&~6� F ��NJP�$D=���y�[ ,�/,OZ: � :[U�~�� F ��Np�JE�PH,

P �'� C�w N U � G #�I&J D 0 � L�C�/��X0RQ	SH<�N	O-T D0U�N C� &!WV�:�*�/�OX"�#�/���U	-
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@ � ,�P���� �	� StU3� K ��� #��	��
�� V���W��E�� � *(/0O	"�����U�����#�I�J D ' l��	� C� #��WE�) w/x���� # g��300#	Ki�K,�C)U�� C � v! �H�#-K ��� (HDL: Hardware Description

Language) P U�" I�#M/,O HDL
D $D=MC��XO(0�g+SVU��!�i#�I	J D%$'& ��(�)MLHC��XO?P��i,BU

Q&SH<�N�O-T D0U1N <*� [+V���� D,+ @�L�C��XOSP	- & O?<+*/.0OM"�#�0�1�U32!4 �65 D87'9�:;�< �+,BU + @�#�
=�WV>�?� :�@�A'B g'� :�C *!.�O
)?DFE V,GFH*IKJ?L B HDL

:�M
VHDL N Verilog HDL O�: B O�U @?P?Q � M VHDL(Very

High Speed Integrated Circuit HDL)
D $'L�.,O=R � VHDL

M�SUT�T�V	WX: g�*�J	YUZU[%#�.MV\ �W: B O�U�" \K] S'T ��9&��^�_�`=a=b�c (IEEE)
: g�Sed�f�g�[%#�U�)�D�� M�h�i�:�j �eG�H

I8JFL B O VHDL
M #�K & N?O	kl� UXm�n ��x�o�p \ H&C 
0�Uq X� �r� E�sXA q F B C m Jutr \ #�K :�v ��:&;wI8J�L B O VHDL

Dyx�z?:
ASIC { FPGA

\ ��� D #�KGL B \ :K| L By} }M U RTL(Register Transfer Level) Ny~��/# BX� t r �0# K6L B O RTL � M U CAD �	C r�: g�S
VHDL

\ #�K �r��� I'� :�� sGA q ��� D�� h ( ������� ) L B �3N>O��U� B O v .K� RTL �������� \ kUL!�&K � t�� M �6m!n��F� o�p \�� C?��� q��U� \ mU� ��� C?m����y{�� � �� X¡>¢��\�£F¤ C�¥K:�| L � # B O�)�DF�¦���§� ��� \ k6L��&K�¨ �,©Kª �	��«,���6L B P�Q V @'C=¬ #
J�L B O	� v!	®�¯ �!� M�C L O/°�± : VHDL

: � B�� s'² q*³µ´F¶*· \ ��¸ \�¹ «�º�»	¼ v .��½
4.10

: �=����� \ 0�1r«�º�»�¼
library IEEE;
use IEEE.std_logic_1164.all;

entity gates is
port ( A : in std_logic;

B : in std_logic;
Y1 : out std_logic;
Y2 : out std_logic;
Y3 : out std_logic;
Y4 : out std_logic);

end gates;

architecture RTL of gates is
begin

Y1 <= A and B;
Y2 <= A or B;
Y3 <= A nand B;
y4 <= A xor B;

end RTL;
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½
4.10: VHDL � � s6² q ³ ´3¶ · «8��¸ I�. ¹

� ¸ \ �?� : � VHDL � \ ��¸�« x'z \ FPGA
\ �	� +���:�| L B�} �=�	�!�F����«K» B����

O	� B ¼�
�D�� M ��� � \ FPGA  ¶�� O ��� \������ n :���� IK./2�4����r«y���'��Y��wI8J � �32/4���� : ���F����� ¶ �?O"! v #?J�L B ¼ v .��Xm�� � �8¶ � « | L�#'� +	� IK.����
O$# IU�&%�''» B ¨U«)( � : £�¤ » B �'N�V�� � B ¼�* P�Q � M ALTERA

� \ 2!4����U��� B
Quartus II Web Edition Software Version 5.1 « | LF.�¼

4.3 SpaceCube + FADC ,.- /	021436587:9<;=;<>@?BAC9ED:FEGIH:JKMLON

SpaceWire «QPSRy. � ¶ � \ {w��N��  �)T%� FPGA { VHDL
\�U L :WV # B .�XK� SpaceCube

N FADC Y ¶2Z « | L=J�[=� ���U� �]\!� �"^`_���a (MCA) «�b�' I�./¼dc6I,J/� +	�"e � \$3& « x 
'�X��JFL B ¨ \�f�g « @�C R!.	¼

4.3.1 SpaceCube hSikjmlon
SpaceCube

Mqp	r IK. v�v \qs�t � M OS O � ��n · ¶ ��[�u3J  kvxw P A�C L \ ��� Linux

« � �,n · ¶ ��» B���� O	� B ¼ SpaceCube
M

HDD «Qy6. w �$z ¬ � : CF(Compact Flash) «
P | » B ¼�c \ .�X/��{�| 1 GB

\
CF « |"} I��~�~ : Linux

\	���]� �6m�n����U«W��� Iq��¼v �	� Linux
\��)� �	� B Kernel

M
SpaceCube �W� \ FlashROM

:�� �Q������cd~�¨ v�� %3»B ¼ SpaceCube
:]��� I,J�L B Linux

M � Red Hat Linux 7.1 �	� B ¼
SpaceCube

: ��� n`� � � {d[���n=�X� ¶ Y ¶�Z C¦¥ « ªS� »�uU�/G e \ PC
\ ��� : PI�

~?N��K�6� B O!���d��~)u v M$��� �S� B ��X�� m ¡ � ���3��� ¶ � \ ���$ ��*Iq�/¼6m�¡ � �
�3��� ¶ �3�$ 	�'» B�¡�M � SpaceCube

\ m�¡ � �S¢ ¶ · N PC « ª�� I>� PC £ \ �?�	� ¶ �� ��¡Q¤ ¶ m��	��«)P | » B ¼ Linux
\�� ��n · ¶ ��O"¥`¦�»`§ v � M m�¡ � �m����� ¶ �3¨ v

I�¨" ��6�X�$¨?L�O�� � ��n ·u¶ ��¥`¦ ] M SpaceCube N PC «�\X² ·)©�¶�q ¤ ¶�ª ��� ª	�
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I>� SpaceCube
¡

telnet { SSH � PC ¨ v login I%J� ���»�§S~'N8OF�6��§'��� ¡ ¨�§	¼ v ���
SpaceCube N FADC Y ¶2Z « ª�� »�§ SpaceWire

\ ¤ ¶�ª � Mq��� I8J�L�¨�¨�R ����X�� D-Sub

��\ q � N���� \ ¤ ¶�ª � «��l� � ¬�� JF� � n ·
	 � ¡ I �`� \ ��z | I ��¼����� \ ª	� �
�	§ \ �!��~ \ �d�x¨�¤ ¶�ª �3��������¨�� e�� �6������§K¼
°S£ \ ��� ¡�� � SpaceCube � FADC Y ¶MZ «)P ��§ s�t ¡�� �!¼dc � �/�"!�#%$�&('����) u���� ��* _ ��« | ������#�+ ¡ SpaceWire « e,� � FADC Y ¶2Z�¡ � q�- n��6��§�~"�.'�/0 ) uS�/¼

4.3.2 MCA h(132 ( 46587�9;:�< )

SpaceCube � FADC Y ¶BZ �"� #�+ ¡ %��3»`§S~"��'�/ 0 �X������X	� FADC Y ¶MZ «�P�R$�
MCA «�=%> � �	¼ MCA �@?�� p3A ) uS� �$^ ��*@B ��C ��DFEHG�¶"IKJ « AD L�M � �dc E �N�O�P «RQo§"��X ETSHU �	�%V�W�X E C 	 I · �6«KQm§"��X ¡�Y � v u`§K¼"Z w ��b��?»d§ MCAE�[�\ «�°F± E �d� ¡�] X��	¼

•

G�¶3I%^F¶ � Z ) ud� �_D « 2ch
p3A »`§

•

· ¡.`��ba�c'¨ v 2ch
p3A »`§

•

¥�E/�6� � \�� E · ¡.`_'�d R���¨�«,��e�»`§
•

��f � ·�g � ¡ 1ms h_i%j � E�k�l�m�n « ��o

• p�q 10 kHz Z�� E ��f � ·sr8¶ · ¡����

Z��	� FADC Y ¶MZ � SpaceCube ��t�u S(Usv ? ½ 4.11
E�ª�w ² I	½3E �d� ¡�ª��x� �/¼

Input 2

Input 1

PH out 1

PH out 2

Trig out 1

Trig out 2

PH Gate

Analog in 1

Analog in 2

Digital in 1

Digital in 2

Gate

Gate Generator

Peak Hold Module

Buffer

Buffer

FADC Board

SpaceCube

Logic Fanin/Fanout

Start

SpaceWire

PC
(Serial Console)

S
er

ia
l

PC

10
0B

A
S

E
-T

LAN

NIM Module

Shaper out

Shaper out

Linux

½
4.11:

- ² · � ²��Ry�z E�ª�w ² I	½
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FADC Y ¶kZ ¡ ? G�¶�I�^�¶ � Z E � !�?��"����X��.a�c E"G�¶�I�^�¶ � Z��	��
K¶ � (CLEAR

PULSE PIN-LSI TEST BOARD CP-2835) «�P Y6� �	¼ GK¶�I�^�¶ � Z����
�¶ � ¡ ? Discrim-

inator ���x� ) u��  �� � · ¡.``� G�¶"I�^?¶ � Z�����
�¶ �3¨ v�� A ) u`§K¼ · ¡�` � A ? 5VE
TTL ����§ E�¡���� � FADC Y ¶BZ ? 3.3V ������� ) u����S§%'�� FADC Y ¶MZ E �`� � �

� p3A����m¡8ª�� ) u�����§ � ² �S� ¡ 5V
·sr _ � · � !�'	�	§"��X���c E Z�Z ª���� �o�����

¨_�!¼�Z���� GK¶"I�^�¶ � Z � A"E! �"6Z _$� ª ! A 'sq � ¨ �#� FADC Y ¶ Z E�p�A �%$ GK¶	&$ C (50 Ω)
¡ [6²(' � ¨_����X�� � ² ��� IC(BURR-BROWN BUF634) « Y ��� � ² �S�*)+$ �

«Qb�� � � GK¶3I�^�¶-, Z���.
�¶�, � FADC Y ¶ Z E h ¡�/10 �K¼ GK¶�I�^�¶-,IZ2���
	¶�, ?
Peak Hold Gate

��D ' p3A ) u�����§ h�� p�A ) uS� )�^ w�*R��DFE G�¶"IKJ «43�y'»d§S� E �
��§%'�� G-5"Is^5�, Z�����
.5�,76 v!� A ) u��98-:�` �_D ?�c E Z�Z���? B�, C�;�'���<>=4�
Peak Hold Gate

��D � � �$P2��~���'��1?]¨����"X�� Gate Generator � Peak Hold Gate
��DA@

B �C�§�D Gate Generator ?���8�: ` � DE@�F�¡�G�}(E�B�, C�; @ y�R]� � DE@ B �CS§ ���
-5, �IH�§-D�J 4.12
¡�G�5HI ^�5�,6Z ��D B � E �.KEL $ * '1M 5 8 @�N � �IJ 4.13

¡ � FADC

Y 5BZ�¡�p3A C`§ ��DO@ B ��C�§���X E�SHU�E!P7QE@RN C�D S U ?Ty(� NIM
����
�5�, ����� )

u����S§-D �I��
�5�, ?-S 6 v ��T�CU8 �_DO@ B �ICd§"��X E Pulser � Shaping Amp �V8-:K` @N �d§���X E Visual Scaler( W�XZY I�Y ) �[8�:R` ��D E OR
@ � §���\ E Logic Fanin/Fanout �G�5"I�^	5-,V]����.
�5�, E�w�� Y I r f , (TTL) �!^ E�_(E ��` E�w�� Y IFr f , (NIM)

@ L
M+C`§"��\ E Logic Level Adapter � Gate Generator � G-5"Is^5�,a]�����
.5�, ��b7c � �-X>Y���-)I$ ����H	§�D(Z����J 4.14

¡
SpaceCube � FADC

E�P	Qd@ �+J 4.15
¡�- Ye8 ) Y � E y

z PQd@*N C�D

Shaper out 1

Shaper out 2

Trig out 1

Trig out 2

PH Gate

PH out 1

PH out 2

threshold

threshold

J 4.12:
G-5 Is^�5�,f] ��D B � E ��KeL $ * '1M 5 8
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J 4.13: NIM
�+�7
�5�, J 4.14: FADC � 5 ] � SpaceCube

J 4.15:
- YE8 ) Yq� E y�z

~�~�Z��_' )�� w�*K��D�E���A76 v SpaceCube Z�� E ���+�7H�§�'�� FADC � 5 ]�6 v Space-

Cube
¡�� ����Z]u	��W 5 � ?!� SpaceCube £ ¡%U ����Z�Z-��?��	�S¨�
 E c	��'��I? w � CF

E�
� ��� v u����	§���\�������� r f , ��?!�TQ v u���W 5 � @ C�� ¡ PC

¡���� ���3'�����	H�§!D
^ �����"!d: ) , � $ � 5-, �R?�# ¡ � SpaceCube

E
LAN ¢ 5 8 @ PC �%$�& � � SpaceCube £E W 5 � @ a�c ¡ � � §('() ¡H� ����§!D SpaceCube �%$"&C�§ PC

¡ ? NIC(Network Interface

Card)
@

2 *	+-, � �(.��F? SpaceCube /��102)3.	�F?54-6��87 E LAN /�$-& � ���29�D:� E
'2)�/�C;9<� �4��� SpaceWire

@�=x� � Q?>A@<B.W 5<C7@ C-D 5	E /��-� Y E PC F1
5/�GIH%�
?�9-DJIK E '<)LF - Ye8 ) Y5MON [�\ /�P"Q�C;9�B.\���J 4.16

E ' )LF(R w Y I J E � ! @LSUT BV�WA@
VHDL ��X�Y[Z � User FPGA /�� S Z5B�DO� E 74� SpaceWire FPGA N E�=I\ c O ?^]
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������� c�����@(B V�We@ ^ E Z�Z
	 Y Z���(9�D V WHE�� c I_w Y I /_? 48 MHz
@

8
O t Z�B

6 MHz
@@Y ��e^^@8N�?�# /�� k%l���� $ C�Y / 32768

O t[Z5B 1464.84375 Hz
E I�w Y I 0 B

� Z���29�DU��@;/<' � � 682.67 µs h�i�� E�k�l�m�nO@ Q�9<�(N � �1?	9�D Z�B��	W>Y ]3C K D��� $ C@Y / 32
O t�Z�B 1.5 MHz

E3I�w Y I 0 B �8Z���� � � 667 ns ���+��WEY ]3C K D @����
C29<�(N � � ?�9-D��"����� 7�c	X��! �W 5(C X�� � 16 bit ;�� ) ]�r ��X�� � 10 bit ;	�	HI9�D
10 bit " ) ]%r � @ UserFPGA 7.c#" r!� � C /%$ �
& �����('��(N*��� ) ]%r � @ $ �
& �IBr*� � C /� SpaceWire

6 >
">: �	5 8*) � : )�+-, � �/. ]</�F 9-D+^ Z����_a�c /�W10 �IC,�\�2A@ �/3 � ?�9 ����� 2 4 HI9�B�\���.^��/�5�6 6 >(WEY ] C K D @�798 C29�B.\�" busy
\

2A@ �:02) .	�O/� �W�X Y +�: / 2 ;�"98�:=< \92 " OR
@ N T B20/" @ �-3 Z���29�D

ADC
MPX

Input 1

Input 2

MPX >@?BA

CEDReset CFDBGIHKJFLtrig1
trig2

Full

Data

MONIPRQ S NIPRQ

14bit

24 bit

FIFO

Buffer

TVUWRX LOYIZ
64 bit

PIQ[TRU SpaceWire
FPGA

\^]`_badcfehg

User FPGA

clock
48 MHz

system clock
6 MHz

1/81/32768

busy
trig1 OR trig2

32 bit

Wjilk LFmRn
1464.84375 Hz

1.5 MHz
1/32

Wjilk LFmRnGKHKJEL

J 4.16: MCA "IR�o%Y + J
p-qsr�t�u�vxwzys{}|~v�����r�t�u�v
�/� �1����C  -� K�� � 8 ��� � T B �-� @ X���C 9	B.\�";0-"9��� : , YE8 � 3 N + o1Y +� 3 � �/�#� 3 @ S#� � + o�Y +�� N�/ 1 ;���;�� �/�1� ����' 24bit " �1����C �	HI9�D ���!��1� /�� , Ys� C 9 �<N5/2'���� �����-� � Z����8>�"/��� �!  N	Z�� K9� � �¡" ����¢�£ ��¤

9(�<N � �s¥�9-D �-� �����^C /%¦�§�C 9 + o1Y +  1464.84375 Hz �	H¨�©� 682.67 µs / 1
V��

��� �*ª1Y�M�C;9-D 24 bit " �«����C ��H(9	B�\���¬� 11453.25 ® (3.2
�� 

) ¯9��" ��� � X��
C<9 �(N � �«¥�9�D 3.2

��  ��°1� 9 ���±� �2FU)^�(N^0%² � >3@;9 � � ��� " ¢�£  1
K�� � �� N�/�X�� Z
�� 9�B.\-� 3.2

��  "   / 1 ³80 K�� � � �-´ � T B�µ�¶ ��·�¸�¹��1���^C/� 1 º
Z�B �(N �
» �:>½¼ 9<�(N � �s¥�9�"��^� : K  �¾�¿ F��À
WeY ]3C-Á D ����� C  �� MCA

� W�Â C��=Ã 9(�IN�"��«¥5F� ��  ��ÄI9�WdY ] C�Á D ��Å9ÆÇ 9	B�\�" �«����C ��� ��� �«����C N�È�É�Ê-Ës";0�"���Ä 9�À;B�Ì�Z=��W>Y ] C�Á D ��Í 9�B
\-/ busy

\92�� 3 �AS T �� 9%À busy
\�2  MCA

� W�Â C��ÎÃ 9I�IN�"��1¥�F�  �� ��@;9 \
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2 ��� busy
\�2 N + oIY + \�2 " AND

� N T B;0/"9� �1���^C������ Ç 9 �(NÎ��� busy
\92«�

� T ��<9   Ì ¸��«����C  + o%Y + //¶������ ����� �¡ª Y�M Ç 9�À	WAY ] C�Á D ������C /� 3 Ç 9 + o+Y +  1.5 MHz ��Ä��©� 32 bit " �����^C ��Ä-9(� N=�:>¡�/¬��� 2863.312 ® (47.7�
) ¯��!"�W>Y ] C�Á D � X�� Ç 9 � N � �«¥	9�À �/� �1����C N�� , Ys� \92 �	��
 Z����}�©���� "�¬ » /�W>Y ]3C�Á D �«����C " ¢�£ ����-Ã 9<�<N���� ^�" Í�� ��  /���\29��>Y ]AC�Á
D�"�$�¶ � ¼:9(�<N � �«¥	9%À
��� wzy���v����
����� ��Â C������ �<F1) V W R�o�� + �� /� �-�Î<�"! � ��"$#�%2M'& +�( "!)+* � � ADC� 3 " Ã �-, � � ����¢9£ "/. � �102�43�576�"8��Â C G�H � �<F T ��<9�À�¯�B��$�'�:9 C�Á D�1���^C "%� ��;� � Ç B�<�"=&�>�� C 0@?s¯�@��� 9/À1¯��/�BA 4.17 / �-�=<UN1C�Â +ED Â�#
9 � 3 " C�ÁGF��IH��	J Ç À�A 4.17 " ' )�/%� �-�Î< � � T ���:>1C-Â +�D Â�#K9 \�2��1L�� Ç

A 4.17: ���=<UN1C�Â +8D Â1#M9 � 3 " C�ÁGF��IH
(
K "ENPO � C�Â +8D Â1#M9 � 3 ��Q � �-�Î< )

9�¯��</ ��  � ���29/À2R-" ��   SC�Â +8D Â8#K9UT>�V�Â�# /4W 3 ��@2B \�2 "4X¨¥���YPN�OZ O#" � ��[ � 0@\�][Z ��X�¥�F \�2 YI^� � ��[ È`_ ��  � ���29/À�ab�o��dc�Â(M��8e � Z
B N$R$f%��g V " , �#�*ª:��M��! L�� Ç 9�¯�� 4µs h�³1��� T �� B�ÀSi:R%��� ����< � � T
���8>IC-Â +ED Â8#K9 \92«�8j+��L�� Ç 9 5µs

J(K ����Z����8>½¬�ks"I%dl �4m #�" AD \�n���=Ã�¤ Ç 9�À�¯�B/� ch1 " AD \Pn �8oSp Z5B >@"I#+%2M'& +/( � )�* � � ch2 " AD \Pn � Ç 9� �"I#�%;M'& +�( � ) �q*�� T ���8>r"P#�%2M`& +/( � 3 �IL�� Ç 9�¯�� [ 100 ns " ��  � �
� 9�B$<-�`R�R���0 \�21�1L9� Ç 9�¯��8s�t Ç 9	uPv � ÄI9�À�¯�B/� ADC � ( � M#� �1H ��@ B
��Â C/� e�w / � 3 ��@ 9�¯�� 3 clock "!x<@ � Ä(9�À J K "SR(N � ²�y[Z
��� AD \�n� J Q�"z�{ ���;F2| À

1. _ �d} ��"$%Sl �!m #�� �-�Î< � � ;!" � s!;
2. ch1 � ch2 � �/��< � � T B } �/��¢�£ �	~�S Z�� 5µs

JIK s�;
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3. ����< � � T�� %:l �4m #1" ¢�£ ( _%"P%Sl �4m #�� ����< � � T�� � )
��~-S Z�� ch1 "

AD \Pn�� ��~	S Ç��

4. "P#+%;M'& +�( � ch2 �/)+* � � [ 100 ns s�;
5. ch2 " AD \�n�� �	~�S Ç��

6. 0 �E3:5 ���	� ���
� ��¹/¤ }���� �!Â�� � 0 ��3S5����¨¥r,��
7. "P#+%��'& +�( � ch1 �/)+* � � [ 100 ns s�;
8. ���=< � Low ��
��-�� �'} 1. 6�� �
��� " z�{ ����� � Ç ��¹� �!#" �'R�"�$�|%
�b�Â�& � ��')( � ��0I>*�!# ��� �-��
 | µ�¶��

�)+�Â �U"b �," : !=}�� � À��#+!Â �U"b �	-  /���#.#" � 3)/*0 - �)1�2�"EW 3 "�3*4��di576�8 < }9��� z�{ ��$�� 6 i#: ��; " 8 ¯ � �<� ��Ä � À�;�¯±�h��Ä �>=*? "�@ � � � �A- ¥��B +�Â � "�b ��C�D :�3�4A�,EF 5 ��E	F Ç�� - Ê � � 8 < }%��� '*( � ��
 |~À`R<:G$�|7
�3
4G:�EF�Y#H#'*( C�I oS� I7J#K ��¶B��� 6 ��
P� � � À�L�MN� B +�Â � "b ��C�O�P �,Q�R�
���S- 
¨�©���GT B I ��Â � �<� �<U @ ÇG� : C�V	W � C 
 !)" � VHDL � C�VW � B +!Â �U"
b �9��X)Y Ç�� R ->" ��¥ � À*Z Y : z�{ � B +�Â � "�b � � 5 �N- R$f�� � Q	:�$|7
\[<: -

�� � À�A 4.18 �^] @ 5 � 6 � :,_)`�
	a�o� I A � ��A 4.19 � B +�Â �q"Bb � :,3*4)E�FA �J Ç À
R�R���b*c Ç)d ¥+R -�C � ���=<�W ; � 3±�1����3�o������eN� 6 ! � R - ��Ä � À �-�Î<EW; C�I oS� I�-�f,g 
ihq\+] ÇG� O Ê<j J)K �!Ä � � <��1Ê�j J#K 5 �8W ;lk � 
 ! R --� Z�m

� 5�6 ! � ��� � O Ê�j J)KG" W � - � I o� I�- :�� Á'F��$H^D�n ��o�p*] ��� R Ç À J#K��
3±�I���+3�o���9�<eN� 6 ! � µ�¶��'3��1����3�o����� } : ��; C�I o� I ��Ê�j 5 � [<: -

 � � <��#o�p)] ��� R Ç R -,C%´G! À
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M
P

X

ADC

MPX  ch

A/D data

trig in 1

trig in 2

status_reg

status_reg(1)

status_reg(0)

Internal BUS

time

wrreq

data

wrreq

almost_empty

almost_empty

full

full

Reset

time_h

time_l

peak1

peak2

STATE
MACHINE

q

rdreq

empty

status_reg

Reset

clear

Reset
status_reg(0)

STATE
MACHINE

done_reg
done
done_reg(0)

time_h_reg

time_l_reg

peak1_reg

peak2_reg

FIFO

out of range

TIME COUNTER

clock
6 MHz

time

clock
1464.84375 Hz

D Q

D Q

clock
6 MHz

clock
6 MHz

busy

Address 10bit
Data        16bit

CONTROL
DATA PROCESS

BUFFER

dead_time_h_reg

dead_time_h_reg

dead_time

Resetbusy DEAD TIME
COUNTER

clock
1.5 MHz

clock
6 MHz

A 4.18: _*`�
�a�o:� I A

init trig

(tr
ig1

 o
r t

rig
2 

= 
1) wait

(trig1 or trig2 = 0)

(count < 24)

(count = 24) record1

(count < 8)

(count = 8)
mpx2

(count < 11)

record2

send

write

full

mpx1

reset

(count < 8)

(count = 11)

(count =
 8)

(full = 1)

(almost empty = 0)

(alm
ost em

pty = 1)

(count < 11)

(count = 11)

(trig1 or trig2 = 1)(trig1 or trig2 = 0)

Reset

A 4.19: ��Â	� Ã�¤ :,3*4#E�FSA
���

trig

¯-�/� ��� �#� " ���\� �-» �x�-����:EW ; � s���3*4 trig �4W � À R�:   � 2 ��:I%dl �Em #
: ������: OR

��- � ��J)K �
	�� 5 �x�-�� " � � 6 ! 
 !�� �4R<:�3*4A:�¯�¯�� ! � À:i 56 � _ �d} �	:1%l �!m #����-��� " � � � µ�¶�� D :,3#4 wait �^E*F Ç�� ÀBi�:$w�� �-�����
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� ��� } :$�!Â�� � ��� ~���� :=&�> B ������W 5�� �-�� " � � �	��
���X� ÇG� À�¯ � � �
��� " � � � %Sl�� m #�: ¢�£ � � ! � ���� :=&/> B �#� ~�� 5�6�� h©À`R<:�3�4 ��� :�3*4
� ! � -�� � ��Â���: Ã��\C	����� �8�=�'9�� Á�l- 
 � À:i�R � � 3*4 trig

��� :�3*4\: -��
� busy

J�K��� ; Ç�� $�|^� 576�� �'�G99��! � ��� ���/Y �#"%$ } �`�d99��! �&�(')&�*� �
$B|,� 5 �,+
���

wait

3)4 wait
��C � C.- I D -�#M9  ; "8L�)�/ ��0 � s�t / � + i#: � <	� ��� ��� �1� c 576#�� �

1
I�2 � I � 1

� ��� �4365�,� / � $�|�� 5^6#� h + � � ���<:�7 "98 � L ) :�7G��
 �#0� R<:�3�4N: 090 �! � R -1� � 8 � L )*��: s�t / � R -^"��;� � + R�:�<�= � I>2%?<I<" 6

MHz
�

5µs
��� s�t / � u�v "�8 � R - $ } � � � ��� " 36 ��
�� �`} D :�3*4 record1 ��E

F / � R - � 5 �,+ R � ��$&@ � 6 µs sPt / � R - ��
 � + k } � � sPt 5^6 ! � : ��A kG�B3�C
� ",D � � -�� � ~� 5 � 3�C�:�E�F - � 12A:G3,C���:.E�FA: OR

�IH @ � i �J� A o�K 

3.C��:�E�F -I/ � R -(� �A kN�B3�C � ".D � 6 $ } 6 µs

��L ��[�|9L�M\:N3,C� "�D � � <
= C � 2 �	:�OSl�� m	P9�9Q#� �B3�C � "�D � � [<: -1R 
 /,+
���

record1

3�4 record1
�*C �

ch1 � � ! 6 AD \In 5 � 7 �>X��9/ � + R$R �*C�S !	T�:(U#V �XWY 5Z� AD[�\ :�]#^ �,_ ��k1` � �#a � 8
��b ���4C,��c 5 � 7 �ed	f 5 � [�: �7X#��/ �9g - � 5 ��+>h

: �#a � � � � �<� " 8 ��
 �#0 � AD
[�\ 5 � 7 �Ii 56j � �,k ��lm?�n�oep(q>r�/&s.t�p 8

�
u s.+

ADC :  ; C OTR
J�Kv�1w�� 6 [ 15 bit

�98�s�" �
16 bit x�y �z -�{ �(|v}�~ M ",�

= "� G! : � � ADC
 ; C

16 bit :v�(� B { pewv} 6 !�s.+&h 576	� 16 bit : z -�{ � 8
��i�/

-
19 bit : z -�{ p���s<" � � = p $%@ i 5 ~ 7 �I���/%s �(� B { C 20 bit

- 576 !�s�+
8
� :i 5�� "����Js�- � D :,3�4 mpx2

p EF /*s�+
���

mpx2

3#4 mpx2
�	C ��� P O%�;� I�b :��>�%� �e���v��+ Z�:�3#4 $�� g :�3*4 p E�F /&s�t�p � P

O��m� Ieb :��9�*� J#K%�& ;lk�� s#~#a � g : B� -N3 ��C%� - I�� - P�� J#K%���)�/*s 0����}	~��	���1Q,�;p ��� P O%�m� I�b :  ; ���#)&/%s 0 ������/*s.+ g :�<�= � � � ��{ �
11
p���s 0 ����� 5��

1.83 µs
�#��/�s����1p 576�  se+ g � C � P O��4� I1bJ ; �	��)�/&s�pC�¡>¢&���>:�98�s�+

���
record2

3)4 record2
��C �

ch1
�IQ.�Jp

ADC :  ; � 8 £ i 5Z� /&s�+ g � � ch1
�

ch2 : AD
[#\ 7�(�4s g �X�>�*��~,+

���
send

3#4 send
��C � g � 0 ��p�� ��� 6>  s��.
 � 3,C ��¤;{	-%� � AD

[\ 7 � � l�?.n�o :�£,¥
a 2%?<I�p�¦ j k�� 69  s�§ -N3 p9 ; /*s�+;¨ ";© z -&{ l�ª ©	« � 16 bit

��8�s�~a �#A �
K9p

16 bit
© z -�{ �# ,¬®e��¯ ��° � � �   +%h © ~a � g © ��±&� 24 bit

© ��
 E�F�²³,y
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8 bit
��� y 16 bit

pe¢ u ��� ,¬�/&s.+%h*�� � 3,C��¤�{�-J� © EF;² 2 bit
8 �&°��   ~#a �

��
 E�F © ³�y�� ? 3 p��
	�/*s g ��p�/%s.+ 0 ~ � ch1
�

ch2
©

AD
[\ 7 � 8 £ i®.~ 7 ©w�}��   s

2 � © 20 bit(19-0 bit) �I� ª { © � h ��,� 18
$m�

3 bit � 0 ��� � @  &�� 16 bit
©

z -�{ �X/&s g �X� � 3 £ ©�� � ? 3�� n 3 p&� @ 8
� u s g �ep���s © � �

ch1
�

ch2
©

AD
[

\ 7 © 8 £ d	fm���%a�s g �I�#�*��s�+ g © ���(p*�� � 1 £ © !��;�m3 � = � ` � 64 bit
© z -

{ �e��s.+
���

write���
write

� ² ��� ©�����$v�! �" /�s%����p	§ - 3 p� .¬��~ 7 ��#�t�p.l�?�n&oep�$v�&%('�+~*)� � l®?,n%o(��+ � �   s <�=*² z -�{ �,$ ��%-' g �(�>�J�,�   © � � l®?,n&o $v�  .¬. � s
full /10 �,23� � lm?�n�o1p�4v�e�98>s g ����5�6�/�s�+�4m���>89s <>= p ²�7 $���%%R�8��/%s /90 �� .¬� 7 ��� mpx1

p  *" /%s�+;:>
full /10 � 1

��l�?�n�oep�4����=<   <�=%²>7���
full
p  *" /%s�+

���
full���
full
� ² l�?�n�o $m�1© almost empty /10 � 1

p���s 0 ���#��/&s�+
almost empty /10J²>7l�?�n&o ©*?© z -�{ �A@;��BDCE4 (

g © <>=J² 1 F )
p#�&}	~��	��p9 . � s /90 � 7 l®?�n&o�9G�H4p�4�p#��s � p.l®?,n%o�I © $®��%*R%��J(K� 7*L RM%JRMN%�	l®?,n%o(��4;p��%}>�	��/&s�O>:#�>PRQ,s g �.�=SUT�~#a�p� �¬ . � s�+

almost empty /�0 � 1
p���s*� 7 �*� write

p
V s.+
���

mpx1���
mpx1

� ²�7 � P O�����W b;��J(X ch1
p �>��� se+ mpx2

� � P O&����W bJ� ch2
p ����~ © �IQ.�&�98�s,� 7 A�Y p ��� write

�� �¬v�~�$v�Z%*R�8�� /90 �XH @ �
[9s�\�]��(�&�m� +
���

reset���
reset

� ²M7�^>M © O-_�`�a P © 3.C,b>/�0 � Low
p���s 0 ����  7
c
� © !1�D`m3 �=d

^ :�z -�{ �(H4s g ���MSRT + 3�C&b � Low
� �e�*�

trig
p  
" /*s�+

fhg�i3j

!=�D`43�k �ep�� ��� ~	z -�{�²�7   }�~�B�lv?.n�oep�l�m . � � $v� SpaceCube
� L R� .� s.+ !1�D`m3 �=n g s ^ p �e� ª { © 7 � L B�op: �   © )#� 7 SpaceWire

p%��s.z -�{ q>rq
SpaceCube

N-o © \�];p#89s�r ^ O>:�� $$ s	~�a 7 h © : ²>s © !1�h`m3 �Mn g }��;:1z -
{�t H�s g �I�*o;u.�   + g © z -�{*t H�s g � © o;u,�   O9: ² z�?;� {1v�w ��x °	� 7yv1�
`43��(-N3 p�zB��zv?;� {�v�w ��¡>¢�{   g �(�>�Ja ��� s�+�#&t ©�|�}*~J©=� '-o ²>7yv1�
`�36²�� :���p�n g s.�%¯1o ² ��� 7-v9��`m3 © n g s�:���p.lp�����	��8�s�+%h g o 7�L R
)ENN� ©�� ^���t1�M� /%s#~a9p,l®?�n&o1���   ��� s�+�l�?�n&o,I © z -�{ q>r ² SpaceWire� @ : ² s���p�� � p.�%� � s�~a 7 l ?,n%oI�1+ � �   �  *� @I² 8�s v9��`D� �=n g }>�
��Z� TIp s © v9��`D� p�z*� � s g �(��o;u#s��*h%�� 7yv9�D`�� © :��>�=�   O9:�p
�J�1a��
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z�� {*t�L R�� `%°��   �%~�)� 7 d#f © v9�D`��.� � � ��d�f © L R��% � ^�t � £ }��   �  ��l®?,n%oI�1+ � s#~#a 7   }	~9B�l®?,n&o1�=+ � s*� 7 l ?.n*o © ¨�� t Hy� L R�� � ��o© O����>�   z
	J� {Mv9w p	��}���>���!� g © ���X��l�	�n�o t #� � s	~	a 7 FIFO
�,x °��

s������#�
FIFO

p�$Uu&% '�z�� {�t���� � s £�¥*7 hJ�� FIFO
� �1© L�� �* t���� � s	ª� � � � ��` � � ��s £,¥���� 	 W*t ��! �~=�

FIFO
� ²M7 First-In First-Out

© g ��o 7 $ u�%p� � ~�z�� {*t�7 h ©#"�$ o��,¬ � s*�   }~�z�� {�%�&�t�'�� �(�)�&o�*�s���z,+ �9{.-�£�¥ o ²  °  ° �   ��� 7 SpaceWire
© �����/ -�0 	 � p�:219� � �   s�� g�g o ²�7 Cyclone

¨43 © �5�6� t 14}�� FIFO t P ! � s 7 K�7��� - © �98 t�: ��.~��*K7-��� - o ² P ! � s FIFO
©5; �  �<�= �?>�8*o�*�s�~a 7��5@pBA�}.~-: © t ��C�p�P ! � s g �X��o u�s��
�	~ 7 Cyclone
¨23��5�)� ² g ©.D p3:��FEZ�=�(GpB1A��o u#s�� gg o ²>7 64 bit

«�© z�� {�t 256 F�H�I o;u	s FIFO t P ! �~���J 4.20
p�P

! �~ FIFO
©5K �ht2L � � FIFO ² wrreq /10 � High

© ��p
data

p�MN	 � . � ~BO t�WP� 	 W

J
4.20:

P ! .~ FIFO
©5K �

pBA�� ` � L�� %�'1��h&�� 7 rdreq /10 � Low
� �

High
p���s ^ p 7 z�� { � L�� %p� � ~ "$ o

queue(q)
� � �,¬ . � s�� �#~ 7 FIFO

© z�� { � 1 F�Q ��p#��s�� almost empty /�0 �
Hign

p	�)R 7 FIFO
��4Jp	��s%�

empty /�0 � High
p	��s���h*�� 7 FIFO

� cTS p	��s*� full

/90 � High
p#��s��

FIFO
I © $ uZ% � � L�� �% ²5UV ��   s	~#a 7�L�� �%EN ² $ uZ% �N ©>�XW t Y p � s�Z�8&��<   ��?[ 7 FIFO

p�$ u&%y'z�� {*t��X� � s £,¥ o ²>7X\ = oT] ��� ~ 16 bit×4
© z�� {�t.xT^p�_�`® 7 1 � © 64 bit

© z�� { p*�*��a�s��Nb � o FIFO
�

1 � o�c �=7�£.¥ � x(^,d ��e���f�� 7 FIFO
� �e© Lg� �% t���� � e�~�a 7�Q � © �&�I�>ª � � � � �y`9tB��! ,~=��J 4.21

d ���� �" J t4L � �A��~ 7 J 4.22 d�7 z�� {�L�� �%�� �1� ª { © z�� {Ph�i � � 	 �Et L � �
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init read

next

get

reset

(d
on

e 
= 

1)

(done = 0)

(em
pty = 1)

(e
m

pt
y =

 0
)(done = 0)

(done = 1)

Reset

J
4.21: � 	 h��ZL�� �& ©��*�� 
" J

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0bit

data
O

T
R

X A/D ch1 13 - 0 bit

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0bit

data Time 23 - 16 bit

tr
ig

 2

tr
ig

 1

X

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0bit

data Time 15 - 0 bit

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0bit

data

O
T

R

X A/D ch2 13 - 0 bit

data_peak1_reg

data_peak2_reg

data_time_h_reg

data_time_l_reg

J
4.22: L�� �& �(� ª { © z�� {�h�i � � 	 �

���
read� Mg	 � ���9��e�� 7 �#[ �9� read d ��e�� �9� read
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� � © z�� { © L�� ���.���9e9�=o�� � ~Ta 7 done /90 � 1 d ��e9�=o,�#� � e�� done /90*²>7 SpcaeCube

�
1 � ¢ ©z�� { ©�� ]��1G��J�~�� d SpaceCube

N3� � �1� ª {d $ uZ%p� � e /10 o�*�e�� SpaceCubeN3o ²�7 ch1
�

ch2
©

AD 	�
 O&� L�� � . � e����ª�� t��,d���� ,���)R 7 b © ���,ª�� © O�
0x0000 Q�� o�* ��°�������� ���! �*�e
: © � � � �� L�� �% K �Dt�" �$# � FADC % �'&©
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�+*
2V
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 � e0/a 7 d :219¬� M<�354�u ² 0x2000

��6
 ��,¬ .�7 e>�98 � :/ MCA

o ²<; © 19¬ ²�= = ��.3 � 3>/Pa 7 AD 	�
 �/#O� 0x2000 t? u;� ��@�e�O d � e�bA4 ² < � 7 . * d 1>¬B AD 	�
 © � � O t2C�D e�4 out of range(OTR)
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/90  ADC
��¬ ©

15 bit �5d ��	 . 7 7 ADC
© ��¬O� 

0x0000 d � e�b�4 ² � 3���f © /a 7
done /�0  �1�¬ . 7 e 4 7�s ©9� ���! FIFO

� *B��¬ .�7 e���o © � ��� ��� ���! =<�3gb�4
t SpaceCube d � D e0/Xa 7 AD 	B
 </?O� L9� � .�7 e$���	ª � d 0x0000 t�� 1 �� s ©���

next d  
"3� e��
���

next���
next

o ²>7 FIFO d�L9� �&�8�� /90 t �,¬��� s ©��*� get d  
"3� e��
���

get�*�
get
o ²=7 :� FIFO

 �4yo=<�� 7 °
queue d � ���9 ��,¬ .�7 e�/�a 7 �.¬ .�7 / 64bit©0� ��� t J X 16bit

[ � 4 ��d��	�  7 f 7  7 ©0� ���! 91�e ���	ª�� d
� 1  7�s ©M���
reset d  �"A� e��-:� FIFO

 >4�o
empty /10  ���¬ .�7 /���A d�²�7 ��� next d V R 7 FIFO

d � ���� !1�M����� empty /�0  0 d � e��1o L�� �* © 8�� t�� ��e>�
���

reset���
reset

o ²M7 SpaceCube
 s ©�� ��� t�L�� � ���	�  *oyuPe���o�� � /Pa 7 done /�0  0

d � e���o���� �� 7 ��� read d  �"�� e�� SpaceCube
o ² done /�0�t ����ª�� d $ u&%(BA)� 7 � T d done /10Dt 0 d V � �9b © ( # d � e�bA4�o 7 SpaceCube

 s ©�� �>� t�L�� � ����  *oyu>�.39e�b�4 t 5�6 � e>�

4.3.3 MCA ����� (  "!$#
%'&)( )

FADC % �'& ³�d.��!+* /0@�, t MCA
4 * � K � ..- e0/a d�7 SpaceCube

N0/21 hR�43�56 : �X! � eBZ�8  �*�e���1 hR�43�5 687 C 9;:Dt ��3�< ��!=* /M� �0/ 7 1 hU��3>5 6 /?��8/ #
@ 7 SpaceWire t 1�9/�� ��� � �(�6� 6 W M	A d�� 38< 7 7 88B�C8D  ��! .�7 /A� v���N� t ��3B/���?[ 7X\ = t K>E � e � d O�FHG 3*` � q FIFO t �2M
	 � � eBZ�8  �*�e�� ��!=* /�@�, d7 � Mg	 � �I/$����A��: =�;J * <�* R 7 b�/$����A�� d O t $�u�%�'gbA4&o � M,	 � /
K;L t �
D e���f * < 7 done M>N  <1)O�P 7 � 3$4 FIFO

/ L9� � *  �E �)* � 3)/1o 7 bXb�o c @ done

M;N t 1�O * <��R� � \ =  �Eh��e 4 7 FIFO d � ���! !1�?< u
< 7 FIFO
/��
O> ����A�� d

� 1QP 7 e�� SpaceCube
o 7 b�/���O � ��A��>/#O t��Nd<���+* < 7 �.����� ���=o�*�e�b�4 tR 6 * /+*Bf8/ � ��� t � RTS2U9��fV/ � done MVN�t ����A � d�W uXS ��YVZH[ done M8N�t 0

d�\ � b�4�o 1 ] / � ���;/
^ � S �  �_I`�e>�b 7 o
MCA

/�a>b @ �5K � 7�c �Id�e(e�/Vf9 Y c � d c	g�h d \ = d 18i � e d 7 Y � 6 -�?j>k;d;A�l"m � -  �n D /
R Y � �B� d �>o *qp	/.r;sHtvu * �  +*Tw;x�d"e�e�bB4  
y0z * 3�{
* p *qY FADC

p *./ ��| ��/
^ ��}�* 7 Y SpaceCube
/?~��8�	� d�� x * <���R Y SpaceCube� d�*�z
RT� 3�~V��t	P - e4

FIFO
 �� 7 e.�8�� ���� � ?< * z # {�P�* d�Y SpaceCube

/
CF
/���� 7;� * 7 <��=� Y�� z�� ? ��/ ��| �8t4wVxI�9e�bA4 7 d0e � 3>{�f�b�d Y SpaceCube� t�� | � 4 * < Y TCP/IP �8�=�q��� t�i�3;<	�2� �4� | m (100BASE-T)

tX� * <?�2/ PC d
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� 6 � �>j�k	d ��| �8t���� Y A�lHm � � /������ ��| �>/�w	x 7 f8/ PC 	 d " � # bA4B4 */
{�b
/�( # d ��e�b>4vd Y SpaceCube
7 ��| ��/ � � S�
 4 Y �"� �v� | m
d	/.� M f�	t "AD��� � Y ^�
�S�
��8��/�����t������>4� �d2e���{ SpaceCube ���! !" / PC � OS

4 * < Linuxt$#0�<0�+� Y ��/�( # � �"� �4� | m;t%#0�/ 6 � �'& |(�)�* t4��+-, c/. ���0�>4  �d2e���{
SpaceCube

4 � M t " � 3 Y ��| ��/��� Y w8x�t " �5# m!1>j 6 * � �	��2 1�k 7 Y ROOTt!1;j4301 � 4 * <>iA3V< C++ 9;: d6507 * /�{ ROOT
t�iA3��8��4�d Y:9 A �;2 1�k�/��� Y�	|4< /�r�s �:= t���+�, " �5# �>4  �d2e>��{Vz�/ Y �?/ � /�?!@5A�d � ROOT

t$# # /�B Y
ROOT

/-C�D�j �/E0F d�G |�< t.w8x"d0e 7 ��H0I�J>� 3;{-K!L Y m!1;j 6 * � PC
/

OS
, 7

Vine Linux 3.2
t.i�3B/�{M 	 /�( # , * < Y FADC % | &qt SpaceWire

d6N�O * Y P�*�,P;/�G |-< t��H� �4� | mRQS d
PC
,�T0� *XY/U�V N4OId�W�X�d2e!� ( A�Y8k2t[Z\"���8��] J d0e�^�{ SpaceCube

t�i�_
` � Y SpaceCube

M�a ,
VME BUS

,�b4cI�d�
SpaceWire e |gf K =�h6i0j K>k0l't�iVJ������]�K � Y0mndo K��H� ��� | m[k8l0f0�;d PC
,>G |�< t[p � S2Uq��] J dHe Y!r0s ,utvq,

SpaceWire
t[#xw�^uy!W (>z Y	k�t[Z\�d0e/�
{

{
4.23:

G |�<[|}:~h
PC �u�

4.4 ��� ��� MCA ������ 5���^
MCA

J>� y;� �R,���5�� Y!�0� t���^;������t��!������p =0� p hu� v't���w�^�{

4.4.1 ���x������ 
z6¡u¢

ADC
h �;£�¤¥� Y�¦ h>§d¨ ��mVt���K�w�^�{>©0ª¬« `0 _-�

ADC ® 1 ¯ d � � J ¢�°
� § �q± m�� h�²�³�´ K =�h�µ¶ J }  _K_;p�tR·4¸��/^�B6¢ ch1

]
ch2
P `�¹6` , ¯ _  �º£
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¤¥� Y�¦	t[·-¸-^�{W0X ® ¢ Pulser
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i�_ 

300 mV
p��

1600 mV
z�d/¢

100 mV �V d��	�Qt�����«
	�^ 1 kHzh��� tR5 � ¢
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¢
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, ¯ _  P `�¹u` h������ 30 ��� ¡ ¯ G |8< t%p � ¢�� ������� � ` ^

ADC channel
h������ t�P h �����4h
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]/� �!�" ��� ]
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h�# E ��t·4¸�^�{{

4.24
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4.25
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4.25: ch2

h ��£-¤¥� Y�¦

4.4.2 ;=<?>A@�B4C
D ��C�D J�E `� _K�_�F6G h

1 H�I * �KJ ] h G�� f;< H�L ([¢�M ( � z �1N)� � busy
�O

(QP!W����0�4]�,%5�w  W!X���^ *�{
4.26

,R���R5 � ,�¢
1 H1I * �QJ ] h G0� fº< H�L4® 13.6 µs]�K�w�^�*x� ` ® VHDL S�N z - ��y�T�« ` � � ] U�V m�W �d� *x� ` ,X50� ¢ busy

�� J�Y
��Z + " « `8 _��8��] J1[6\ � /6^�*�]!^u¢�^6_ �� � � � 10 kHz

h H�I * �6±KN �a` , D �C8D J1E `� _!K8� ` � ¢/G � f;< HOL h�0 G J 13.6%
]�K8� * m>n , MCA

� ® G � f�< HOL h0 G J
30%

- �
40% b�c ] � Kd� � e � � //��]>« `0 _-��^B6¢dP ` ]gfOh"� ` ��i�: ,�j�_G�� f;< HOL � � ��*-^6k���¢x�� � W�Xx« ` �6G�� f$< H�L4® FADC e�N f h 
 h G�� f$< H

L � � � ¢�l�m h W4X � ® ¤�n �02�o�p ��qsr ��G'� f%< H�L:�Kt�u�v ����] - �º¢x�0� � W�X« ` ^/Gdw f;< H�L J�x ¡x� � ¤�n�y 2�o�p ] ��z B8^�W0X�{�|�} �-h Gdw f;< H�L , m�W�v �] ®�~ �[K_q�8]�,
��� v � x ^ J%� ��*
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{
4.26: 1 HOI *�� J ] h G w f;< HOL� J�� N�����N
	 f + " ¢�� J busy

��
�� ¢ `
��������� ]�Gdw f �OH�L�������� h ����(�·�¸�^O*�W4X ® Pulser

� 5�� q�� �u^
200 Hz

h1�� (
MCA

h m�� h/§X$ �! 
	 � !�" �;¢�W0X#" h | H�I$� �&% ](' w f ��H�L)�*�
��� h�� (�f�h v*+�, ] � �.-�w�^�* , h b6c h HOI$� � ±�N �a� ® D w0/*1(2 E ` +�, ] ® -Z ¢ HOI$� �&%�� 1 H�I�� � � ^3� h 'dw f ��H�L ( -�4 ^.5 h 2�W4X�|6} h 'dw f ��H�L ]76��Z8- + *6WX ��� � ` ^ � ®:9 4.2

h 5 �;� --w�^1* | H�I$� �<% ] 1 H�I�� � J ] h ')w f �
9 4.2: `��*���#�=� ]>'dw f ��H�L)�*���=� h Y z?�

| H�I�� �&% 122704

`��*���#��� h!@.A 898687' w f ��H�L����#��� hB@*A 2576805

H�L - � ¢ , h W�X �4h ' w f �1HOL4® 1.67 s
� � + * m�� '4w f �1H�L#�.�#��� h
� ]C' w f �

H�L)�.�#�=� h � y w � 2 1.50 MHz
� � +�, ] - � ¢!y�T�« ` + ')w f ��HOL h�� ® 1.72 s

� �
+ * , ` ®!D)E « ` ^ � 5*�F5HG�G�I /6_ � ];-�w  _ + 2�¢�' w f ��H�L h W0X hBJ)K�L�M 2
677 ns

� � + ^=N�¢ 13.6 µs
h ')w f ��H�L 2 14.2 µs

]/� 
O�P « `0 _ + ^�N � � � ¢ � y
Q?�h �#� � � + * , ` 5*�8' w f ��H�L)�������/® Y �RZ �#� � #R � ¢�lXm h � ]TS#U ® q r +5 h�h i�: -�V c � ' w f ��H�L (�y!W � / +�, ]H2 : - w>^�*�]^u¢ `���������� h � y w �2
1464.84375 Hz

� � +�, ] - � ¢ , h ]�/ h yW `,��® 613.5 s
]�y�T�« ` + *�| HOI�� �&% (

, h `6� ��0 + ] 200 Hz
]H-W� ¢ � X���^ H�I$� � ±KN �X� 6���Z8- + *)5/w  `0���.���
� 5Y �XZ �#���  _ +�, ]>2 [ - N � ` ^�*
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4.4.3 �8���������
� � ��^

MCA
� ® ¢ m=� h>§�$ �B 
	 �?�
	�� 2�xw �- � 6 µs ��� � ��	�� 2�xw�^
F6G��� ` � �
	�� 2
:wu^ 5 h ]����d« ` +>® ¡ � � + *�� , � ¢ , ` ( [ - N + l��4([�dwu^�*�l� ® 2 � h Pulser
( �����º¢
! � h Pulser

h �"	#�6+ "%$ 5 � m=� h Pulser
h �"	#� !," h � �

Delay Generator
( !'& ¢)(�� h �+* � H�I�� � (%� q «A	 +), $ 2 � / + 5 �(� � =R /�¢ MCAh6+ " &�'d(�, £ � �B-�2�� H�I�� �'h �-* (u¡��/� �. Z , $ � ��w+/1*R]0/6¢ HOI�� �'h �

*-® M�1 y z32 N�4 ��576 �"/�*8�79�&�'4¢ 6 µs
(): � � 

MCA
9 + " &�' � ® ��	�� 2 � `$ �8�d« & ¢8� & � � �0* 2�; Z $ ch1

$
ch2

9 H�I$� � 2�<-= � 9 & + 5 �;� -�w�/ , $K- �'¢�
	�� 9"� 6 ® Y ��Z �'> &0'? +�, $ 2 [6\ � /�/�*

4.4.4 @BA-C >�D�E
,�, � ® ¢ D w!/ 1>2 E & - ? H�I�� � ±KN � 9 ~�F ¢ H�I�� � 9)G � , V��H2 9 ?O- 9 [�\ ¢

HOI�� � ±AN � 2�H Z8-�I�/ $ /�9-J�K � � 	 9���� � ¯ ?� ·8¸!¢ H�I�� � ± N � 2�H Z -8I/ $ / � � � �L/
MCA

2 Y ��Z ��� v.+ 9 - (�·8¸M/�*]>¡�¢ D w�/ 1;2 E & +�~�F 9 HOI$� � ±AN � 9ON�P)(�·-¸ + /�N�¢ Pulser
- �)9 �� (

ch19 A�� !�" �%¢
busy

�� (1M�1 y J 2 N�4 �-Q-R �!-�2 � Pulser
9 ± N � ( ��S �. /R¢ busy�O��)T �)( q r +�H�I$� � ±AN � ([·8¸�/1*���9 &�'�¢ R 5�� 14 kHz

] � D w0/�1H2 E & +�,$ - Z 5�6%� /
/�*�U
4.27

� �09 $ /
9
busy

�O $ � N��!��NF	WV �� 9 X-Y (�Z v * ,�, � «� � H�I$� � ±KN � ( �'S -. Z $\[ U 4.28
� Z v 5�] � D wF/�1;2 E &+[ D wF/ 1 9�^�9
' N

� 2 1 _ � - + ] ��` /�a A (0^�� v + /�N [ busy b0c 2�d ? `�e fI�/�]6] � - + * HOI�� �

U
4.27:

D w�/ 1;2 E & ++g�h 9 busy b-c U
4.28:

D w�/ 1;2 E & / $ /�9
busy b-c

i N � 2 14 kHz
9 $ /�9
' w V8��HOL 9 0 G�j 19%

$ - + /�N [ ��� 9 H�I$� � i N � 2 2ch
G

>0k�l
14 kHz b�cMm 5�7�8*- Z 5�6 (onp] , $ 2 m / + 5�9 $�q�rfs#& + *�]+/ [ SpaceWire

(
Qut
/�v A�+ t#w35

14kHz b�c 9Lx c8m v A%+ k�l ? +�, $ � - + /�N [ , 9 $ /�90J 	�N'4 w� j [�y c 9 H�I3� � m v A�+ v ' N � 2 64bit m � +�, $ -zs\[ 896 kbps
$ - + * SpaceWire
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9��7X � j�� s � H�x � Q b8m / + j�� m � + 2 [ , 9�F%G3j SpaceWire
9BQ b x c�m j�- Z [

SpaceCube m 9��	��x c � 50I�l�v A,+ tL9Lx c 2�
 ]�I
l ? + 5�9 $� > & +�� �-97/�N [ vA�� t 4 y���� L���������v +�, $ m [ v A�� t � � s � H�x �8m���+��� "! 2�H ? ��� [�#%$ � � 9 �
	�� � Visual Scaler
��& I
l % r�[

MCA m 5�6 � & / #�$ � �&% $('%)
v�+�, $ m [*#"$ � � 9)G � ,�+ tH2�,	- tol ? - ?/. ��0�1 / � 5�6 j Pulser m 12 kHz

9 b+c
� �?� [ ch1

9 A [
ch2

9 A [
ch1

$
ch2 2#� �"3 ? l�nfI�/ � ch1

$
ch2 2)� � b�c4�65�7�8*+9 j [

2 � 9 Pulser � ��: ��k�l b+c4�;5�7 t / ��<	= j 9 4.3
9 & ] � -�I�/ � Scaler

9 5-6�>
? G�@BA�9DC#� ��E�F�m nOI�/ , $�$ [ PC

9�G/H"I*H V C#� � tol .%sKJ 9 �)5�6 2 >�? � & /�L@�A 8*+	M+m � � #/N �*� 2�O +�, $;.zs [ Scaler
9�P $

MCA m 5�6 � & / #�$ �4Q % jSRTVU j y�W tB- ? 2 [ T l�9�X�Y U R'? l�Z + y%W t l R\[ [B#/$^] Q 9"G [ ,�+ t
j�,	-pt)l? - ? 5�9 $� > & +��
9 4.3: Scaler

$ 9 #"$4] Q % '/)

Scaler MCA
� &

(%)

ch1 10251127 10248060 0.030

ch2 - - -

ch1 - - -

ch2 10254520 10254720 0.002

ch1 10991947 10989890 0.019

ch2 10991947 10989890 0.019

2
3 9"_a` ]cb�d U���: ��kM/ b+c^��5�7 t"/6X�Y ["egf / 1>2�h & / [ 1

#�$^] Q�i $ 9
' f
Vkj #	N & [ml�?�n : 9 b�c 2 5 I+/ [ tB- ?*op[ [ ' f V(j #/N ^ U #/$4] Q 2�,�- 8.+�, $j�- ? � � ,Lm [	q 3 9%_�` ]�b"d U-�S: t)l ? - ? b-cg�65�7 tL/�X*Y U%3 ? l 0�1 / ��, 9X�Y3j�' f V�j #	N ^ U #%$4] Q 2",	- 8�+ X�Y�2�O + /�N [ Scaler

9�P & [Lr - ?*#�$^] Q %2 576 � & + j�� m O +�� 5�6 j [ ch1
U

7.0 kHz � [ ch2
U

5.0 kHz
9 �S: tol ? - ? b-cg��5

7 t)l�nOI
/ � 5-6 <	=s�>9 4.4
U Z 8S�BD�E Q [ [ 5-6 � & /cP3j Scaler

9cP & [ktOs�. U:K �
? �BM / [ ch1

9 5�6�Ucu	v 8�wSx f V(j #�N j ch2
9 #%$V] Q m ,	-ut"/�y
9 m O [ [ ch2

9 5
6�Ucu	v 8Bw�x f Vj #�N j ch1

9 #�$^] Q m ,�-ut"/ay
9 m O w /�z [ ch1
& [

ch2
9c{�|�� &

|S} ��~(� I�l ? wD�
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�
4.4: Scaler � 9 #%$^] Q�� '�) (ch1 � ch2

|���� :
)

Scaler MCA
�	�

(%)

ch1 10112941 9730769 3.78

ch2 7171828 6790419 5.32


�U [*#%$V] Q i H Q |
H ~� I��cX�Y U J+K�� Q d U�u	v | � � ?/.� ] . �60*1 � �aM � [
10 kHz � 30 kHz

9 b0cV� Pulser m�� [ [ ch1
U���� 5�7 t��DX�Y U"3 ? l 0*1 � ��� � <	= [ U

4.29 � U 4.30
U Z 8 & ] U [�#S$s] Q i H Q | 10 kHz � 30 kHz

� e U } ����� ? j�� s � � . I� � & I�l [�� ������� #�$V] Q i H Q m j0J-K � Q d �"!sUcu�v j$#&% �(' r w��
ch1
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RMS     1.454
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ch1

U
4.29:

#S$�] Q i H Q 10 kHz m � J�K)� Q d

ch1
Entries  1425726
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ch1
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ch1

U
4.30:

#�$ ] Q i H Q 30 kHz m � J�K)� Q d

BU

ch1 � ch2
U � : t�l*% � % b�cV�k5 �+�6X	Y � J+K)� Q d ��0�1 � �"M � [ ch1

U
2.0 kHz� b�cg� [ ch2

U
1.0 kHz

� b�cg��5 �,��X*Y � J�K�� Q d � U 4.31 � U 4.32
U Z 8S� J0K�� Qd U$- �*|.� s � w | [/� ��j FADC

I�H V w �*0$1 m j � ~ [�2 H3��4�H d V6587�9 H d U�:%-l [ O w #%$4] Q m 2 H,��4�H d V t)l+% w<; ^ m�= � � #%$4] Q | 5/> ���	z U h � #�$^]
Q � 2 H8��4�H d V | ; ^ m�?�@�A s � [�2 H,��4�H d V � 7 | - � wCB3D |�,�- t����/z U -E �By � m O wD�aM � [ U 4.33 � U 4.34

U [
ch1
U

7.0 kHz
� b-c^� [ ch2

U
17 kHz

� b-c^�;5�)��X�Y ��F	G � Q d � Z 8�� #/$^] Q i H Q |+H�| > � � � U�& [ [/2 H,��4�H d V � 7 | -� wJI � |�K ~��> l	% w��
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� : tLl3% � % b�c (17 kHz) �c5 �� ��� � ch2
� F�G � Q d

�*� M�m ����� m [�� � t"� FPGA
���	� j�
���� [ � F��V� tol : [ [��� �J�,�D��X ���� U�� � 8%!a 'm O w � � |����g���)� ��M � [�2 H,��4�H d�� 5,7+9 H d � F	� U	���,0�1 |� s � w | [ � kHz

����� #�$V] Q i H Q M�m*� s�� O M [ } ��� u�v j � % �

4.4.5 �! �"�#%$'&)(+*
� � t"� MCA

� !� |�� . z s �8� � � .%s-,DJ 9 U�. ] _ i H j,�0/�1VQ32 #�4 H � ��5 >�76 �78 m)9 ];:	<>= ��?>@ � n > � � ?�@�U 5�A t$�76 �08 j , CsI
. ] _ i H j,��/�1^Q32 #4 H �B, � s U�C%DFE ] C M�m | y�G � ��� ,IH*]KJ � QL�0L�MIN H F�U7O zQP �,�ay �SR ,�� �6 ��8�� 7�� Shaper

U0T�U 8�wSV�W R�?�@ �;XZY � � | R �%w��)[ 4.35
U 6 �08&�7\^] ��_a8�`
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[ 4.35: CsI
6�� 8

�������
	�����

M�� 6�� 8�� 2 ��A���� , ch1
,

ch2 � ����� � Shaper
U7T�U � ��� , Shaper

��� #�]K,�2 H
��4�H d�� 5,7�9 H d � threshold

� 0�� � � `8���"! , 22Na � 137Cs
�*F�G � Q d �$#&% � � `?�@�'

2
3,� 6�� 8��)( . %�Y+*-, U�. � , 2

38� 6�� 8&�&/�0*U <�= ��. ~ � � R , 2
_B` ]Db

d �21 U X > � `
[ 4.36 ��[ 4.37

U�?S@)R3% P �+� F.G � Q d � _�8�` � � R , F.G � Q d �54�6�U87:9 � 2 H���a& Yk� y � |���; w | ,�� � ' 2 H3�$4�H d � 587�9 H d �5< }=� 7)>-? | ADC
� / d F N Hd >2? U�� � � %��%z U ,&2 H+�$4*H d � � 7 |�@�_ 9�A H .CB ] �5! % w u	v | � � ! % w y �R O w7` 22Na

��D�E
2
33�.F*G � Q d ' , ch1 � ch2

R ��1 U Q D 9 |3F > � ��G � (coincidence� ��> � )
F�G � Q d R O w�` 22Na

'
β+ H2I � 8�w �/z ,�J >2K |)LM� 9 � w�` LN� 9 �&� J

>2K ' 8PO URQ FTS b"d=U H �5V % ,><)= � N H F �  �3W2X:/�� >2K �ZY\[-] �N�8^ �"_ `)��3`\a , >2K �Rb\c\X\dsU"e � % 511 keV
� S b%dCU H �8f > � Y2[ L\g < �8h � � w5i2K |��j

2 k&lCm � _ | ,/� � i\K '�n�o � >-K � J >2K | f >�! %+� Q&p2dN�8q\r _ w �/z ,�s+t\u� { (\v l�m � _ `,� � ��z , 22Na
��F*G � w d �x#&% _ w�y v�(�z %"Y&*-, v�. %+��6�� 8 R

coinicidence
� ��w � , 511 keV

� Y&[ L\g < vC{ w F	G ��w d | B � w�`�| � , 22Na
| J >2K� L:� _ w8] � R\' 1275 keV

�R}-~Cv"�2� � , 511 keV
� Y-[ L-g < � ��1 v 1275 keV

� 9�� :< y�LM� _ w�` � V=� , � � 9�� :	< i2K ')���IR+� P�� w { (+v l=m � _ ��z , Y\[ L\g < R
coincidence

��# > ����� � w R B � w ��F ' � j�v"� % `3� � �%z , [ 4.37
��D3E�� F�G ��w��

v�'
1275 keV

� 2�� � ' B � � , 511 keV
� 2�� � �"� � H � C w �Z� -���� | B � ! % w�`
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[ 4.37: 22Na
��F*G � w��

(
D&'

coincidence
�$# > ��y � )

��� R�% P �3� F.G �Nw � ��� 2�� � � 9�� .SE ���<� R /��
	���-���+� , S�� � U)� � ADC

channel
� u�� 9 , w���� � � z ! : G ,�� � � � H � C w ��� -��0?�@ R A %3� `
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����� � ����� �
	��

�v H � C w �Z� -���?�@N���&� � ` ?�@�' , 2  � 6�� 8 � Y$@�� { � 6:� 8 �^. ����A �� � � - G ���8! , y Y�� { � 6�� 8 R � - i2K � 6�� _ w&� % Y {�� R X > � ` [ 4.38

v�?�@
��� 	 w E 	 C\� _ _ ` 6�� 8 1

'
MCA

�
ch1
v , 6:� 8

2
'

MCA
�

ch2
v�T)UN9 � ! % w�`

9�� :�<�= v2' 137Cs
�

662 keV
� A % ,><)= '�����8=v�� � , � - i\K � 6:� _ w 6�� 8�v-'<�= � 9=� :	< |�� T�� P � % { Y v � � ` H � C w �Z� - ��� � w � 6�� _ w�� ,�� { � 6��8 R �21 v w D 9 |�F  ' � R+� w z P ,� � ��� � w ��! 	 � ��"��\� � z P H � C w ��� -�)� � w V�W � ��# _ w � � | R G/w0`

 $&%(' 1

)+*-,
2

.0/ '

CsI

PSfrag replacements

θ

137Cs

[ 4.38:
H � C w ��� -�?�@���� 	 w E 	 C

n,� 9C� :�< i�K � S�� � U�� � E
, � - i�K � S�� � U�� � E2 � _21 � , E � E2

��02v�' ,

E2 =
E

1 + E

m0c2
(1 − cos θ)

(4.1)

� ��354
687 F @ , � - G R�9 � 9 � 1 S� � U�� E1

' ,
E1 = E − E2 �;: 1 ` ��� R , m0c

2' >2K �Rb-c S� � U�� R , 511 keV
R+� 1 ` θ

'
90
� � 45

�=v  % ! ?�@M� X > � �>R , ?�@9 � 1 � - i2K � S � � U�� ' 90
��� ��G 288 keV

,
45
��� �)G 480 keV ��: 1 ' � R+� 1 `8�

�x! , � - G � 6=� 8^R
9 � 9 � 1 S�� � U�� ' , � ����� 374 keV
,

182 keV �<: 1 ' � R&� 1 `
[ 4.39

v
θ 4 90

��� ��G �.F�G � w � � , [ 4.40
v

θ 4 45
�&� �)G � F*G � w � � _ _ ` �� R , � [ � Y$@>= H 4�� - G � 6�� 8 R�% P(�)� F�G � w � , 4 H 4�� - i2K �;? W 1 6:� 8R�% PA@�B F�GDC w
� R+� 1 `�E��x! , 2 �F 6=� 8 R�G 1 v w D 9�4 F > B��)� � w V�W�F F�GC w � 4�= D ( � - G ) H 4CD ( � - i2K )

R�� 1 ` coincidence
�8# > B F�GIC w � /2v\' , � Pz EKJ�L�M � B S � � U�� v u� � B ADC channel 4ON < R _ 9 @ !�P 1 `
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coincidence
��# > B F�G C w�� ��� 1 H , L�M 9 @2B S�� � U������ v�� � C P ��G	�
F�4 �PA@ 1 `:� z � , B | B | G 1 vR^�
 > B H� *�@ 1 ! 	 C ��" �2� � F �)� � w � z : 7���� ,H � C w ����� v�{ 1 � � C 4 � | 7 '�� G 7��"!�P�:�P�`DE 
�R , G 1 v�^�
�� B\��� � w v

�P2! , E @T�O@ F 6:� 8IR	?�@ 9 @5B S � � U-� � A5P-! 2 � n���� w ��"�� ��� 6�� B ` H
� C w � �)� � w : P � 2  F 6�� 8 R�?�@N9 @ 1 S� � U�� F 0&v-' E = E1 + E2 F �K3 4
6
7 F � !�� 7 ,� F �)� � w H � ! v#"%$IR G 1 ' � R\� 1 `�[ 4.41 H�[ 4.42

v%� 6 � B � � w
��"&� � _ _ ` H � C w � �)� � w : P�' [ / F�N < R)(�9 @ B�� < v *+� !�P 1 ' � R+� 1 4-,
θ 4 90 � F H)G ' �)! v H � C w � �)� � w �/. # R G�!�� 70, θ 4 45 � F H�G ' ,21	1 ! 	 C
��"��&�+3 4-�DP�:�4 P �/,54 R _�� B { Y v6. # _ 1 
 H;4 R G�!�P 1 ` 
 F `2a�z P ,	! zv H ��7 w ���	� �)� � w �/8#9 R GR!�P 1 
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[ 4.41: θ 4 90 � F H�G�F 2 � n;� � w ��")�
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[ 4.42: θ 4 45 � F H�G>F 2 � n+�%� w ��"��
<�= F { Y v ,�>-?�� B MCA

�%@ P2!�A��%B-C F �2D C w � �x#+% � B 7E, w)F A-G � � ��%@ P�! coincidence
�8# 76H&��7 w �Z�	� ��829 _51 
 H 4 R G B ` 
 F `-a�z P , SpaceWire�/I�� B

MCA H��5! z : 7KJ @ML :N�
F � >-? _D1 
 H<4 R G B HPO ; 1 `
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5 � � � � �
���	��
� ,����	��� ��� F���������� 7 , DSSD ,:H&��7 �x��!#"�" , DSSD F����%$&��� �&�' �)(�* � �#��, SpaceWire �
�P�+���,.-0/ J , SpaceWire - I � B�132 H ( +&,�B54	6	6#$7�8 439;:3<>=�?@-�> ? (>B�A
DSSD F��#6�$ 7�8 4 &3' �3(B* �	C �)�;D�P	+ � ,�EF I @HG @ +�P3I &%' �%(�* ��C �%-@ P�+�,�J)J#� 4 cm DSSD FLK.M =#NBOQP 8�9 ,�,�R�� 
 -TS ��U AV>W�X�Y , 4 cm DSSD

W�Z[ -�S%\)I�]	^.�;_%I 
�`Tab
�c5U>a ,>EF W &%' �d(B* �	C � a�e \3I;fhgbi W�jlk a � PmO�;n �;U AdVd( +-,bo�p��q G�r ILs 93
�t ILu (�v &3' �d(�* ��C ���;D v +;w#x�, V�W &3'�3(B* ��C � a EF I)y	r + v I &3' �%(B* ��C � W f�giQ-dz����|{B} ( U%~ W 
�t I�� `0a.)O�� ,��bq	p W KHM =�N5a#� ���;�)��S%\�I)��zK,>���� 
 W���� a�
�c�U A
SpaceWire �5D v + � ,b���nB�d� 30�>��9��b� 
�t I�� ~�O�O�y�Pm� ,>� vh�b�	� `��	� �- � \ UB�b��
)t I3� `La�.dO%�;U AdV�( +�, SpaceWire

`
FPGA , VHDL

W ��,�-�/��dI U����� @:L n ADC  #��3m- @ v + MCA -�¡	¢ ( U�a ,b£	� ( U MCA
��O n � � �)¤ n ~ W
�¥�¦	§ J	¨3�T©%\#I ~ W ` n ��U A SpaceWire -mª�«%¬��L	¨ ( U�®�¯ 132 a �;° t � �²±>³ (+ v n v)´ 
5¥	µ v�¶%· O�P SpaceWire

W�¸�¹�v -Tº» ( ¥>®b¯ 1%2 ��¼¨ 
dc5U � `��h¥ o�p
SpaceWire -¾½�¿ ( U DSSD À#6�$ 7�8 4 &3'Á (�*�Â C	Ã WBÄBÅ -mÆ3��I�Ç 
�È )n�i 
bt I Ao�p��5D v + �h¥ o3É�Ê P|r)U DSSD Ë�Ì�63$ 7�8 4 &)'�Á (�*BÂ CbÃ W �b�H-mÍ O ( + ¥)Î~ n�Ï²�#q G�r I�s ¯d
�t I DSSD

W u (�v &%')Á (�*;Â CbÃ W KQM;Ç N � tbUÐ�mU v>A � UB¥
MCA

W>ÄBÅ.´ ��Ñ v�Ò%v U 9�=;Ó�Ô;9 
5¥��	�b� ��Õ � ����n O%�;U3~ W a v ÏÖD O#t I U � ¥V r P WB× �bØ�-�Ù '#U v�A%V�( + ¥ op ~ SpaceWire Ë VHDL
¥

FPGA �5D v + W �,�-L/� ¥ DSSD
W Ì)6%$ 7�8 4 &%'#Á (h*;Â CbÃ W SpaceWire �%�5I�Ú	ÛH- µ�Ü ��Ý�E ( U v;A
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� �

����� -¾Æ3�#I;� t�UH� ¥������	� � ��¥ DSSD
W�
	� OHP ����)
 W Í�������� 
�¥��	������ ��n � � ( U A / Ï������ ( �B_ A � U�¥ /��	� ��� � ���	� W Æ%��� OQP ��! W�" c ��� 
5¥#%O v ` �	$b� 
&%(' �*)b� ( +&+ c � ( U A GdP � �� W U � W�,(-(.#� � ~�/(0 ( +&+ cL¥/ Ï1�2��� ( �;_ A JAXA/ISAS

W �(3 �2� � �h¥ SpaceWire �>D v +54765829Q-;:�\	+�Ïm° G� ¥���� ��<�_)I=�(>d-=+ c � ( U A /lÏ?�	��� ( �h_ A � U�¥ ��3 � W�@�A G�B � � SpaceCubeË FADC  #�DC W KHM>Ç N �>D v + �&� � ��n � � ( U A%V�( + ¥FEHG �(3 � W*IKJ G�B � ��¥
4 cm DSSD �hD v +��(>d-L+ c � ( U A / Ï?�	�	� ( �h_ A �FM*� 4 W�¤�N �	� � ��¥ SpaceWireË FADC  #�OC �2<�_%IQP%fb� %�' ��R)\�+�+ c � ( U A G�P � ¥ ¤�N ��� W ¢�� G�r#U VHDLS � Â O�P 4 B °d� `���T2U �hÌ Ï ¥ / Ï1����� ( ��_ A

M2
W�V	W G�B5¥

M1
W5X7J G*B ��Y ¥ DSSD

W�
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